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Abstract: Chronic kidney disease (CKD) and acute kidney injury (AKI) are public health problems,
and their prevalence rates have increased with the aging of the population. They are associated with
the presence of comorbidities, in particular diabetes mellitus and hypertension, resulting in a high
financial burden for the health system. Studies have indicated Klotho as a promising therapeutic
approach for these conditions. Klotho reduces inflammation, oxidative stress and fibrosis and
counter-regulates the renin-angiotensin-aldosterone system. In CKD and AKI, Klotho expression is
downregulated from early stages and correlates with disease progression. Therefore, the restoration
of its levels, through exogenous or endogenous pathways, has renoprotective effects. An important
strategy for administering Klotho is through mesenchymal stem cells (MSCs). In summary, this
review comprises in vitro and in vivo studies on the therapeutic potential of Klotho for the treatment
of CKD and AKI through the administration of MSCs.
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1. Introduction

The Klotho gene was first introduced and described in 1997 by Kuro, et al., as an
anti-aging gene. They reported a mutant Klotho-deficient animal model, which presented
phenotypes similar to age-related events in humans, such as reduced lifespan, alongside
vascular calcification and cardiovascular disease [1,2]. Named after the Greek goddess
of fate in mythology [1], Klotho is a 140 kDa protein and it has a high homology with
β-glucosidases [1]. This review comprises information about αKlotho—one of this protein
family’s isoforms—referred to in the present study as “Klotho”.

In humans, Klotho is present in two distinct isoforms—anchored on the membrane
protein or as a soluble protein. Membrane-anchored Klotho is a single-pass transmembrane
protein, of which the large extracellular domain is composed of two repeated sequences of
440 amino acids, named K11 and K12. These sequences can be proteolytically cleaved by
different enzymes, leading to cleaved Klotho—one of the soluble Klotho forms [1,3–7]. The
soluble form of this protein may be also produced from alternative splicing from its gene,
leading to the formation of secreted Klotho, although this form of Klotho has not been
detected in vivo to date [8–10] and studies indicate that it might not actually be secreted,
because it is molecularly degraded [10].

In adult humans, the membrane-anchored form of Klotho is expressed especially in
the parathyroid glands, sinoatrial node, choroid plexus and, mainly, in distal tubules in the
kidneys [11]. Soluble Klotho, on the other hand, is present in systemic circulation and it has
pleiotropic roles, acting as an endocrine factor with both renal and extrarenal effects [12]. It
can be detected in the blood, urine and cerebrospinal fluid [9,13–15]. Both isoforms are of
pivotal importance for homeostasis, as will be further addressed. In short, they impact on
the balance of phosphate and other ions [16–18], for example, through the regulation of the
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absorption of different molecules such as calcium [8,19], as well as ion channels such as
transient receptor potential V5 (TRPV5), sodium-phosphate cotransporter (NaPi2a) and,
indirectly, sodium-chloride cotransporter (NCC) [20–22]. Klotho is also important for the
cardiovascular system [23] and it participates in other biological events [24], as it will be
discussed next.

Concerning its importance in embryo development, some data with animal models
have indicated that Klotho is expressed since the early stages of life. Mangos, S., et al., for
instance, have reported that this protein is detected in zebrafish within 24 h postfertilization
(hpf) in the brain and in the pronephric ducts, which are the primitive tubules [25]. Likewise,
similar findings were obtained in rodent models [26,27]. In adult zebrafish, it was observed
that the expression of Klotho is maintained in the mesonephric kidney [25].

The levels of Klotho decrease with aging [28] and in the case of kidney diseases,
such as chronic kidney disease (CKD) [29] and acute kidney injury (AKI). This decline is
associated, for example, with the loss of renal mass and 1,25(OH)2D synthesis [3]—which,
in physiology, enhances Klotho expression in the kidneys, as albuminuria, angiotensin II
and proinflammatory molecules lead to the reduction of its expression [30,31].

Klotho is, in this way, an essential factor to be investigated in both the physiology and
pathology of renal diseases.

2. Klotho and Chronic Kidney Disease
2.1. Chronic Kidney Disease

Chronic Kidney Disease (CKD) is a multifactorial disease [7], defined by the Kidney
Disease Improving Global Outcomes Work Group (KDIGO) in 2012 as the presence of
either a reduction in kidney function and/or albuminuria, that is, the abnormal excretion
of albumin in the urine, for at least three months [32,33]. This illness is considered a public
health issue, with prevalence rates of about 8–16% worldwide [34], and this percentage
continues to rise, especially due to the aging population and the increasing incidence of
type-2 diabetes, for instance [2]. Despite its several etiologies, some of the risk factors for
CKD are diabetes, a family history of CKD, heart disease, high blood pressure and obesity.
As early CKD might not cause any symptoms, measurement of both the serum creatinine
level and protein in the urine are important methods for CKD diagnosis [35]. A key aspect
of CKD is the progressive deterioration of renal function, which often leads to end-stage
kidney disease (ESKD) [36], resulting in renal failure—mainly treated with either dialysis
or renal transplant—and even to extrarenal complications, such as cardiovascular disease
(CVD) [35]. Hence, this disorder is associated with morbidity and mortality; furthermore,
it represents a high socioeconomic concern for health systems [33].

Although there are tests to detect CKD, as mentioned above, there is a scarcity of
biomarkers to diagnose this disease early and precisely and avoid its progression to ESKD
and other complications [37,38]. Thus, some potential early biomarkers for CKD have been
studied over the years, as reviewed by Shabaka, A., et al. [37], such as Dickkopf-3 (DKK-3),
a glycoprotein associated to the degree of tubulointerstitial fibrosis, of which high levels in
the urine indicate an elevated risk for a reduction in eGFR within a year [39]. Neutrophil
gelatinase-associated protein (NGAL) [40] is another example of a potential biomarker for
CKD. These and other possible biomarkers, however, do not represent increased advantages
in CKD diagnosis when compared to the traditional markers analyzed. Therefore, the study
of new molecules for diagnostic purposes is still necessary [37].

Regarding therapeutic approaches, there are non-pharmacological options for the
treatment of CKD, such as weight reduction and blood pressure control. Still considering
the study of Shabaka, A., et al. [37], though, CKD is a complex disease, so the use of some
drugs alongside non-pharmacological treatments is also important. Some examples of phar-
macological treatment that can be used are sodium-glucose-cotransporter 2 inhibitors, such
as empagliflozin—which induce both renal and extrarenal benefits for patients [37]—and
renin-angiotensin-aldosterone system (RAAS) inhibitors, such as blockers for angiotensin
II receptors and inhibitors for angiotensin-converting enzymes [37]. These are relevant
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therapeutic options, due to the fact that they are able to reduce the loss of eGFR, through
the decline of intraglomerular pressure. Moreover, new drugs are under development, such
as a mineralocorticoid receptor antagonist and potassium-lowering therapies [37]. Consid-
ering the complexity of CKD, however, the development of new therapeutic strategies is of
pivotal importance.

Some of the main characteristics of CKD are chronic inflammation, hypoxia and
oxidative stress, which contribute to structural and functional changes in the kidneys,
resulting in glomerular, tubular and vascular injuries [33]. Thus, this disease is responsible
for disturbances in mineral metabolism [41], with hyperphosphatemia and mineral-bone
disorders [2] being some of its consequences.

During the progression of CKD, proinflammatory factors—interleukin 6 (IL-6) and tu-
mor necrosis factor (TNF) [7], for example—show increased levels in the kidneys. Another
significant proinflammatory molecule increased in CKD is the nuclear factor κB (NF-κB), a
transcription factor related to the upregulation of cytokine expression [1]. There is also an
activation of macrophages, alongside T-cell recruitment. As a consequence, these cell types
and tubular epithelial cells produce profibrotic molecules. As such, transforming growth
factor β (TGF-β) is one of the most influential mediators in the fibrosis process in CKD, since
it stimulates the accumulation of matrix proteins and the epithelial-to-mesenchymal transi-
tion (EMT), inhibits matrix degradation and regulates myofibroblast activation [42–45]. In
this context, injured tubular epithelial cells undergo a dedifferentiation process and lose
their transport function and polarity. Furthermore, they synthesize the extracellular matrix.
The final result of this microenvironment is the development of renal fibrosis [7].

In spite of the above description, the mechanisms relating to CKD have not yet been
fully elucidated. Strong evidence, however, has pointed out the involvement of Klotho in
this process, as will be addressed next.

2.2. Klotho in Chronic Kidney Disease

It has been observed in several studies that there is a decrease in Klotho levels (mRNA
and protein) [2] both in animal models and individuals with CKD and renal failure [7]. The
sustained Klotho imbalance in its soluble and membrane-anchored forms is associated with
a decline in renal function, even in early CKD, when urinary excretion of Klotho is present
in patients with this disease [33,38]. Klotho expression and levels become lower during
CKD progression [38], as the estimated glomerular filtration rate (eGFR) decreases [34].
These changes in eGFR, as part of the natural history of CKD, are reflected by soluble
Klotho and because of this, among other reasons, this protein could be used as an indicator
for the evolution of CKD [33], for the degree of renal insufficiency in general and even
for extrarenal complications [36]. Some evidence implies that the depletion of Klotho in
murine models is positively correlated with persistent and increased inflammation [7].
Furthermore, it has been demonstrated that CKD is also associated with a decrease in
Klotho expression [2]. Although the consequences of Klotho deficiency are not fully
understood yet, it has been evidenced that renal and vascular cells senescence are some
of the outcomes of this situation [2]. Likewise, a reduction in Klotho levels is associated
with CKD inflammation and increased albumin excretion in patients, alongside a higher
risk for some extrarenal complications, such as CV diseases and mortality. Interestingly,
the restoration of Klotho levels in rodent animals through the administration of soluble
Klotho, or the activation of endogenous protein, for instance, promotes the reduction of
renal fibrosis, EMT and a decrease in oxidative stress and the inflammatory burden [2]. In
conjunction with these data, further analyses identified that the overexpression of Klotho
can lead to the enhancement of phosphaturia and to a decrease in vascular calcification
in vivo, as well as to an improvement in renal function [36].

In regard to this topic, studies conducted with rodents have strongly suggested that
the administration of soluble Klotho is a safe approach [19,46], although the complete
spectrum of effects promoted by Klotho is still being evaluated. Likewise, in a rodent
model of glomerulonephritis, which overexpresses exogenous Klotho, there is evidence
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of the improvement of proteinuria and serum creatinine levels. Moreover, there is also
evidence of a reduction in renal cellular senescence—through a decline in β-galactosidase
activity—as well as a restoration of mitochondrial activity in the cortex and the attenuation
of mitochondrial damage, through cytochrome C enzyme activity reestablishment and a
reduction in mitochondrial DNA damage, respectively [47]. The same study also reported
a decrease in both oxidative stress and apoptosis in renal tissue. It is important to mention
that viral gene delivery of Klotho, on the other hand, has not been proven to be safe in
clinical studies yet [48], although it has been shown to be effective in preclinical studies, as
will be further addressed in this review. Taken together, these results suggest that Klotho
is a sensitive biomarker for CKD and renal function in general due to the fact that this
protein level is reduced since the early stages of CKD and accompanies the decrease in
eGFR. In addition, the reduction in Klotho is associated, as shown by different studies and
as discussed above, with some of the characteristics of CKD, such as cellular senescence,
albuminuria and cardiovascular disease.

Thus, Klotho deficiency is not only a biomarker for CKD, but also a pathogenic
factor in the development, progression and complication of this disorder [38]. Importantly,
preclinical data have strongly suggested that the increase in Klotho levels is safe and can
mitigate fibrosis, vascular calcification, proteinuria, creatinine levels and oxidative stress,
among other biological responses that are unbalanced in CKD. Therefore, further clinical
studies are still necessary in order to shed light on Klotho efficiency and safety on CKD
treatment, but current data strongly point to this molecule as a potential therapeutic target
and its restoration levels as an approach for the treatment of CKD. Although the exact
mechanisms through which Klotho influences CKD have not yet been well elucidated,
several studies have addressed this issue, as discussed below.

2.2.1. Klotho and FGF-23

Anchored on the membrane form of Klotho is a co-receptor for fibroblast growth-factor
23 (FGF-23), a hormone that is produced by cells residing in bone, namely osteocytes, to tar-
get a distant organ, the kidney. The Klotho/FGF-23 complex is responsible for, among other
biological responses, the activation of extracellular signal-regulated kinase (ERK)1/2 and
serum/glucocorticoid-regulated kinase (SGK)1. These signaling pathways downregulate
the expression of the main sodium phosphate cotransporter in proximal tubules, NaPi-2a,
on the membrane of tubular cells, resulting in phosphaturia, that is, renal phosphate excre-
tion in urine [7]. Experiments with mice suggest that the phosphaturic effect promoted by
FGF-23 depends on Klotho, although the molecular mechanisms of this regulation are not
yet fully understood [22,49,50]. FGF-23 also reduces the levels of 1,25-dihydroxyvitamin
D3 (1,25-(OH)2VD3), leading to decreased intestinal reabsorption of phosphate [38]. Hence,
the Klotho/FGF-23 axis is important for the ion balance and homeostasis [36]. A study
conducted on 152 patients with CKD has suggested that reduced Klotho levels aggravate
phosphaturia [33]. Furthermore, according to the literature, imbalance in the FGF-23-
Klotho pathway and its consequent hyperphosphatemia is connected to the progression of
CKD [2]. At the same time, some investigations indicate that a deficiency of Klotho limits
the regulation of FGF-23 [7].

Concerning other minerals, some studies propose that, in distal tubules, Klotho/FGF-
23 complexes are responsible for the modulation of calcium and sodium reabsorption,
through the activation of ERK1/2, SGK1 and with-no-lysine kinase 4 (WNK4) signaling
cascades. These results show that, in the context of low levels of Klotho, FGF-23 might be
one of the explanations for CVD risks in patients with CKD [7].

Additionally, it is a point of interest that soluble Klotho regulates several processes,
including anti-oxidation, anti-senescence, Wnt signal transduction and the anti-renin-
angiotensin system (RAAS) [38]. It also inhibits fibrosis and apoptosis [51–53] and it affects
mineral homeostasis through the regulation of FGF-23 and parathyroid hormone (PTH)
secretion and phosphorus excretion by the kidneys, as will be discussed in Section 2.2.2
Klotho/FGF/PTH.
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In summary, these findings support the relevance of Klotho/FGF-23 in CKD progres-
sion, as indicated in Figure 1.

Figure 1. Klotho and FGF23 in mineral homeostasis in kidneys. In proximal tubules, the
Klotho/fibroblast growth-factor (FGF) 23/fibroblast growth factor receptors (FGFRs) complex acti-
vates extracellular signal-regulated kinase (ERK) 1/2, serum/glucocorticoid-regulated kinase (SGK)-1
and with no lysine kinase (WNK) 1/4 pathways, which results in the reduction of the expression of
sodium phosphate co-transporter (NaPi2a), leading to phosphaturia. In distal tubules, in turn, the
same complex and signaling pathways are activated and this results in an increase in sodium chloride
cotransporter (NCC) and transient receptor potential cation channel subfamily V member 5 (TRPV5)
channels, which contributes to increases in both sodium and calcium reabsorption, respectively.

2.2.2. Klotho/FGF/PTH Axis

Populational studies have pointed out that, in CKD patients, the increase in FGF-23
and PTH, accompanied by the decrease in 1,25 dihydroxyvitamin D3, anticipate hyper-
phosphatemia [54], which is often observed in these patients and is usually related to a
higher mortality risk among them [55–57]. Furthermore, hyperphosphatemia is frequently
detected only when renal illness is irreversible and progressing to ESKD. It is important to
mention that, alongside Vitamin D, PTH regulates not only calcium metabolism, but also
phosphate metabolism [55,58], inducing phosphaturia [55,59]. Moreover, it stimulates the
production of Vitamin D by the kidneys.

Data in the literature indicate that Klotho modulates PTH synthesis and release di-
rectly, and also through the regulation of the active form of Vitamin D and FGF-23 in
plasma [12]. In addition, it has been proposed that there is a decrease in PTH production
stimulated by FGF-23, when the expression of both FGF-23 and Klotho is normal in the
parathyroid glands [60]. Interestingly, studies involving epidemiological data and animal
models [61,62] have demonstrated that the decrease in Klotho expression at the beginning
of CKD can lead to the overproduction of FGF-23, which results in secondary hyperparathy-
roidism, a common complication for patients with CKD [63], which contributes to other
important comorbidities detected in this condition, such as CVD. It is worth mentioning
that patients with CKD have high levels of FGF-23 in the blood [64] and lower expression
of Klotho and fibroblast growth factor receptor (FGFR) one in the parathyroid glands [65],
although Hofman-Bang, J., et al., have described the higher expression of Klotho in the
latter organ [66].
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Other models have been suggested to explain the relationship between Klotho and
PTH. Imura, et al., for instance, proposed binding between Klotho and Na/K-ATPase in
low Ca2+ levels, which would bring this transporter to the cell membrane and trigger
the release of PTH, due to the change in the electrochemical gradient, although the exact
signaling pathway involved in this model has not yet been completely elucidated [67].

A high level of FGF-23 is observed in patients and animal models with CKD [68],
alongside a reduction in Klotho levels in the parathyroid glands [65,69,70]. The inhibition
of PTH synthesis by FGF-23 is therefore lost [60]. In advanced stages of CKD, the low
levels of Klotho and FGFR observed in the parathyroid glands lead to the inhibition of the
suppressive activity promoted by FGF-23/Klotho signaling. Importantly, FGF-23—and
Klotho as well—have been also considered important modulators for phosphate homeosta-
sis controlled by the bone-kidney axis [55]. These data suggest that Klotho restoration may
be an interesting approach to avoid the development of secondary hyperparathyroidism
in CKD [12]. The administration of FGF-23 in animals with CKD, on the other hand, did
not reduce the levels of PTH, which might result from low expression of both Klotho and
FGFR1 in the parathyroid glands [60,71].

The levels of FGFR and Klotho, however, may differ among experimental models and
stages of CKD, accompanied by differences in levels of calcium in the blood [12]. This fact
highlights the need for a better illustration of how this axis works.

Razzaque, et al., demonstrated that FGF23-deficient mice develop hyperphosphatemia
and a phenotype similar to aging and to Klotho-deficient mice [72], including vascular
calcification related to hyperphosphatemia [1,73]. Hence, FGF-23 and Klotho are associated
with phosphate homeostasis [55]. Interestingly, this phenotype can be reversed using
interventions to reverse hyperphosphatemia [72,74–76]. These data suggest a link between
phosphate levels and aging [55].

In short, studies have shown that both Klotho and FGF-23 [12] are able to regulate PTH
synthesis. The hyperphosphatemia is believed to maintain the elevation of PTH levels in
CKD and the dysregulation in the FGF-23/Klotho/PTH axis might lead to the progression
of secondary hyperparathyroidism in CKD [12,38], as illustrated in Figure 2.

The instability in mineral metabolism, as described above, is a hallmark and also an
initiator of the development of mineral bone disease in CKD [48], which contributes to
higher mortality due to CVD and morbidity for these patients [77–81]. The FGF-23/Klotho
axis, then, might be a target for new therapies for these patients [82].

2.2.3. CKD and Cardiovascular Disease

Cardiovascular disease is an important and frequent morbidity in patients with renal
illness and it is related to the mortality seen in these persons [83].

Preclinical and clinical studies have pointed out the relevance of Klotho, and also
FGF-23, for the cardiovascular system and how it can be related to CVD in CKD individuals
and mortality among the elderly and in hemodialysis patients [8,84]. The table below—
Table 1—summarizes some of the results found regarding the topic.
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Figure 2. Klotho/FGF and PTH axis in CKD. In kidneys, parathyroid hormone (PTH) leads to an
increase in calcium (Ca2+) absorption and Vitamin D synthesis, whereas it diminishes phosphorus
absorption. On the other hand, PTH stimulates both phosphorus and calcium efflux in bones. In turn,
PTH-stimulated Vitamin D production increases the gastrointestinal reabsorption of these minerals.
As a result, both gastrointestinal calcium reabsorption and its efflux from bones contribute to a rise
in calcium excretion. Phosphorus (PO4

2−) is also eliminated as a consequence. In chronic kidney
disease (CKD) (red dotted line), there is a reduction in Klotho expression, alongside a decrease in
Vitamin D levels and an increase in fibroblast growth factor (FGF-)23 levels. It is important to mention
that the decrease of Vitamin D is related to the decrease of Klotho in the kidneys, which then leads to a
rise in FGF-23 levels in the bones. As a consequence, this hormone diminishes Vitamin D production.
As a result of this axis dysregulation, the inhibition of PTH synthesis promoted by these components
is lost, which leads to a rise in the levels of this hormone, which also contributes to the elevation
of these molecules. Secondary hyperparathyroidism associated with CKD might be a result of the
described imbalance in this axis for CKD patients.

Table 1. Klotho and the Klotho/FGF-23 axis in CKD-associated cardiovascular disease. Summary
of some of the studies analyzed in this review, concerning the role of Klotho and the Klotho/FGF-
23 axis in cardiovascular disease, an important and common morbidity and cause of mortality in
CKD patients.

Author/Year Model Used Study Design Conclusion

Karalliedde, J., et al., 2013 [85]
Patients with diabetes type 2,

presenting systolic
hypertension and albuminuria

Single-Center, Double-Blind
Randomized Controlled Trial

Inhibition of RAAS led to an
increase in soluble

Klotho levels.

Saito, Y., et al., 2000 [86] Rats with atherosclerosis Preclinical Study

Klotho adenoviral delivery
resulted in the mitigation of

vascular endothelial
dysfunction and reduction of

blood pressure values
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Table 1. Cont.

Author/Year Model Used Study Design Conclusion

Kuro-o, M., et al.,1997 [1] Klotho-deficient mice Preclinical Study

The animals presented artery
calcification, cardiac fibrosis

and hypertrophy. Klotho
might participate in the

signaling pathways involved
in these processes.

Xie, J., et al., 2015 [87] Klotho-deficient mice Preclinical Study

The increase in soluble Klotho
levels attenuated cardiac

remodeling in CKD animals.
Decrease in this protein level

is proposed to be an
independent factor for

cardiomyopathy in CKD.

Ding, et al., 2019 [88] Mice with
angiotensin-II infusion Preclinical Study

Klotho was related to the
decrease of cardiac FGF-23

expression in vitro and
in vivo; moreover, it

prevented cardiac remodeling
and dysfunction in this model.

Memmos, et al., 2019 [84] 79 patients on dialysis Prospective Cohort Study

Low levels of Klotho are
correlated with an increased
risk of cardiovascular disease
and reduced overall survival

in these patients. It might
contribute to cardiovascular

disease in individuals
with CKD.

Brandenburg, V.M., et al.,
2015 [89] 2948 patients Multicenter Longitudinal

Study

In individuals with normal
kidney function, Klotho does
not act as a predictive marker

of cardiovascular and
mortality risk.

Pan, H.C., et al., 2018 [90] 168 patients with diabetes
type 2 Prospective Study

Low levels of Klotho are
associated with cardiovascular

outcomes, such as coronary
disease. In these patients,

Klotho level is a predictor for
vascular events.

Gutierrez, O.M., et al.,
2009 [91] 162 patients with CKD Cross-Sectional Study

FGF-23 is correlated with
vascular dysfunction, such as

left ventricular mass index
and hypertrophy in
these individuals.

In addition to the previously mentioned results, Faul, C., et al. evaluated the relation
between FGF-23 and the pathogenesis of left ventricular hypertrophy (LVH) in humans, in
patients from both the Chronic Renal Insufficiency Cohort (CRIC) study—a prospective
cohort study conducted with CKD individuals [92]—and studies conducted by their group
(Faul C and coworkers) [64]. A direct induction of hypertrophy in cardiomyocytes in vitro
and in vivo (LVH) in mouse models has been demonstrated after FGF-23 administration.
In mice lacking Klotho, which is in turn an accepted model for constitutively high FGF-23
levels, the development of LVH has been observed in a dose-dependent way. It is important
to mention that the group indicated through molecular experiments that, although Klotho
is the coreceptor for FGF-23, it is not expressed in murine heart preparations or neonatal
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rat ventricular myocytes (NRVMs). On the other hand, FGFR isoforms, from FGFR1 to
FGFR4, were detected in vitro (NRVMs) and in vivo (murine heart); it is known that FGF-23
can bind these receptors [93,94], indicating that hypertrophy induced by FGF-23 in these
sites is Klotho-independent. Moreover, the inhibition of FGFR with the intraperitoneal
administration of PD173074 in a nephrectomy rat model ameliorated the severity of LVH,
although improvements in CKD and hypertension were not observed. In brief, this study
determined a causal association for elevated FGF-23 and the physiopathology of LVH,
which could shed light on the high rate of LVH in CKD patients [64]. Regarding the onset of
LVH, the same patients from this study were re-analyzed a few years later and it was found
that high levels of FGF-23 were associated with an increased risk of LVH. Taken together,
the results indicate that LVH can be preceded by high FGF-23 levels in CKD patients, both
with or without hypertension [64].

A similar result was observed in a study conducted with nephrectomy CKD- induced
rats, in which FGF-23 caused the hypertrophic growth of myocytes in vitro and induced
LVH in mice, through the FGFR pathway [95].

In addition to the previously mentioned data, Klotho deficiency is also associated with
vascular calcification (VC) in CKD, although the pathogenesis of this clinical outcome is not
completely understood yet. It has been reported in a preclinical study involving mice and
human aorta samples, for example, that the increase of Klotho in vitro led to the inhibition
of VC [96]. Furthermore, the same research group from the previously mentioned study
came up with a mechanism believed to modulate the expression of Klotho. They proposed
that the mammalian target of rapamycin (mTOR) pathway is involved in the reduction of
Klotho expression in a high-phosphate-concentration scenario and that the administration
of rapamycin, an mTOR inhibitor, upregulates the levels of both membrane-anchored and
soluble Klotho. This results in a decline in VC in vitro promoted by rapamycin, which was
not observed in Klotho-knockout mice, indicating the pivotal role of this protein in the
attenuation of VC evaluated in these models [96].

It is also interesting to mention that, as discussed in Section 2.2.2 Klotho/FGF/PTH
axis, the lack of Klotho contributes to mineral disease in CKD for several reasons. Among
them, Klotho deficiency results in a higher phosphate concentration in the organism, which
leads to calcification of tissues as well [97]. Importantly, this imbalance in phosphate levels
might also be related to the dysregulation in the PTH axis in CKD, believed to be associated
with the lack of Klotho in the parathyroid glands [60,70,98].

Moreover, angiotensin II (Ang II) is also a special point of interest, because of its direct
association with CVD, a possible complication in chronic kidney disease, and due to its
pathological role, through several different mechanisms, as well as in CKD, as will be
discussed. Reports have shown that Ang II and aldosterone suppress the expression of
Klotho in the kidneys and in kidney cell lines [7,38]. Moreover, experiments with long-term
infusion of angiotensin II in rats have shown a downregulation of renal Klotho mRNA,
even with a low dose of Ang II. On the other hand, the overexpression of Klotho through
in vivo gene transfer attenuates damages induced by Ang II in the kidneys [38]. Further
analysis also indicated that losartan, an angiotensin type I receptor antagonist, blocked
the reduction in Klotho levels induced by Ang II (in vivo and in vitro) and upregulated
the expression of this protein in mice, improving structural alteration in the kidneys by
nephropathy with cyclosporine. At the same time, one of the roles of soluble Klotho is
anti-angiotensin activity in animal models. According to these results, evidence supports
the association between Klotho and renoprotection from damages induced by Ang II [38].

The exact mechanisms by which Ang II reduces Klotho expression or contributes
to kidney fibrosis are not completely understood yet, but experiments with free-radical
scavenging have indicated the inhibition of Klotho expression by both Ang II and oxidative
stress, which suggests that oxidative stress is one of these mechanisms. Furthermore, in
a mouse model, inhibition of 1,25-(OH)2VD3 synthesis is correlated with increased renin
expression, whereas its injection suppresses renin. Furthermore, a study conducted on
vitamin D receptor (VDR)-null mice showed that they expressed higher levels of renin and
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Ang II. The same study has proved that, in mouse kidney and in HEK 293 cells, active
vitamin D3 upregulates Klotho expression, reversing the decrease in Klotho’s mRNA by
aldosterone. This demonstrates that supplementation with active vitamin D3 might have
a positive effect for the upregulation of Klotho expression. Taken together, these results
indicate that 1,25-(OH)2VD3 is a negative regulator of RAAS [38].

Additionally, Miao, J., et al., 2021 illustrated in mice a reverse in both mitochondrial
loss of mass and the production of reactive oxidative stress with Klotho administration.
Correspondingly, it is known that RAAS activation can lead to mitochondrial damage [99].
The inhibition of RAAS by Klotho, as shown in some prior studies [100], could protect
mitochondrial function, contributing to the delay of age-fibrosis caused by RAAS. Although
this effect has not yet been confirmed in the CKD context, this result suggests that it might
be a possibility [99].

A current challenge in regard to RAAS inhibition is that the synthesis of Ang II
is not affected by RAAS inhibitors (angiotensin-converting enzyme (ACE) inhibitors or
Angiotensin II receptor type I (AT1) receptor blocker, for example) and there is also a
stimulation of renin secretion as a consequence [99,101]. It is suggested, however, that
multiple genes of RAAS are regulated by Wnt/β-catenin signaling. In this context, the
inhibition of the Wnt/β-catenin signaling pathway has been proposed as a strategy for the
inhibition of RAAS [41,99,101,102]. In accordance with this notion, Wnt-1, a component
of the Wnt/β-signaling pathway, might be linked to kidney fibrosis, since studies with
cultured tubular cells have shown that this molecule induced upregulation of fibronectin, a
marker for fibrosis. This effect, though, was blocked by treatment with Klotho [99]. A point
of interest is that Wnt/β-catenin activation may lead to Klotho expression. Experiments
indicate that Klotho is an endogenous antagonist of Wnt and could prevent the activation
of β-catenin through binding to other components of this signaling cascade, such as
Wnt1, Wnt4 and Wnt7 [99]. This is one potential renoprotective mechanism for Klotho,
considering the indirect inhibition of RAAS and the direct inhibition of Wnt/β-catenin. All
in all, the information previously presented highlights the association between Klotho and
cardiovascular disease in CKD—a common complication that often contributes to mortality
in patients with CKD. This event has been observed through different mechanisms, as
mentioned above, such as the increase in Klotho resulting from RAAS inhibition and the
renoprotection conferred by this protein against renal damage induced by RAAS, whereas
the activation of RAAS, on the other hand, is related to reduced levels of Klotho, for example.
Moreover, decreased levels or a lack of Klotho are shown to be associated with vascular
calcification, LVH and cardiomyopathy. FGF-23, in turn, is also related to endothelial
dysfunction and LVH. Taken together, these data indicate the necessity of further research
regarding Klotho and the Klotho/FGF-23 axis in CKD patients, since the results of present
studies indicate the potential of these molecules as therapeutic targets to prevent mortality
in these individuals, considering their involvement in the pathophysiology of a relevant
complication in CKD.

2.2.4. Klotho and Inflammation

As previously mentioned, CKD is a disease characterized by persistent inflammatory
responses and cellular senescence [103]. The high levels of cytokines in this condition
have been attributed by researchers to defective renal removal of these molecules, as well
as their increased production and the inflammatory state itself in renal tissues of CKD
patients [104]. In regard to this topic, Klotho has been associated with the inflammatory
burden in CKD.

Indeed, studies have shown that NF-κB, one of the main proinflammatory molecules
in CKD, downregulates the expression of Klotho in mouse models, and Klotho negatively
modulates NF-κB, reducing the expression of this factor and the inflammatory state in
CKD [7]. These results support the idea that some other proinflammatory cytokines are
able to downregulate Klotho expression through an NF-κB dependent mechanism [7],
highlighting the relevance of this molecule to the regulation of Klotho.
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Furthermore, through NF-κB inhibition and consequent suppression of its target genes
by Klotho [7,105], this protein abolishes endothelium adhesion molecules’ expression, such
as intracellular adhesion molecule (ICAM-)1 and vascular cell adhesion molecule (VCAM-)1
induced by TNF-α in vitro [106]. Monocyte adhesion to cells, induced by TNF-α, was also
abrogated by Klotho. Taken together, these data suggest that Klotho might participate in
the modulation of vascular inflammation [106].

Another proinflammatory component involved with Klotho is TNF-related weak
inducer of apoptosis (TWEAK), a soluble molecule that belongs to the family of TNF
cytokines and is derived from its membrane-receptor enzymatic cleavage [107]. In vitro
data have pointed out that TWEAK is able to activate NF-κB, leading to an increase in
inflammatory cytokine expression, such as that of regulated upon activation, normal T-
expressed and secreted (RANTES, also known as CC Motif Chemokine Ligand 5, CCL5) and
monocyte chemoattractant protein-1 (MCP-1) [108]. Likewise, the activation of NF-κB and
consequent cytokine expression by TWEAK has been also reported in vivo [109]. In rodent
models, for example, Klotho expression is reduced with the injection of TWEAK [110].
Nevertheless, the inhibition of NF-κB suppressed this effect, which permits one to infer that
the mechanism through which TWEAK decreases Klotho expression involves NF-κB [110].
In vitro experiments conducted by the same researchers from the previously mentioned
study, in turn, have shown a downregulation of Klotho induced by TWEAK and TNF-α,
whereas the expression of some inflammatory genes, such as IL-6, was higher. Again, this
effect is believed to be related to NF-κB induction [110]. Interestingly, the inhibition of
TWEAK could restore the levels of Klotho in AKI and preserve renal function [110].

Lastly, in addition to this information, studies with cultured rat aorta smooth muscle
cells have indicated that Klotho transfection in cells resulted in a decline in NADPH-
oxidase (Nox) 2 protein levels and a consequent reduction in oxidative stress in this
in vitro model [111]. This approach also led to a rise in the levels of cyclic adenosine
monophosphate (cAMP) and the activity of protein kinase A (PKA). The inhibition of this
enzyme activity, on the other hand, abrogated the effect described above concerning Nox2
expression and Klotho. Thus, the study suggests that this modulation promoted by Klotho
might rely on the cAMP-PKA pathway [111].

In summary, Klotho might be able to reduce the inflammatory state in CKD through
the regulation of some inflammatory factors, such as NF-κB, and the expression of adhesion
molecules as well as that of Nox2. Some of these factors, in turn, are also able to downregu-
late Klotho expression, as seen in the case of NF-κB and TWEAK. Thus, it is believed that
the inflammatory state can also reduce Klotho levels, which could then result in negative
impacts for the tissue, considering the potential anti-inflammatory activities that Klotho
might have.

2.2.5. Klotho and Fibrosis

Another relevant contributor to inflammation and the progression of CKD, and par-
ticularly to renal fibrosis, is TGF-β. Studies have shown both an upregulation of TGF-β
and a downregulation of Klotho, followed by fibrosis, in rodent models with unilateral
uretral obstruction (UUO), a model for CKD development [38]. It is also interesting to
note that in mice with renal fibrosis induced by UUO, the inhibition of Klotho increased
TGF-β1 expression; Klotho expression, however, not only attenuated pathological outcomes
marked by inflammation, but also induced the decrease of fibrosis markers. In cultured
renal epithelial cells, TGF-β1 was also able to decrease Klotho expression. These results
indicate that Klotho deficiency can enhance TGF-β1 activity and that the former is not
only a cause, but a result of CKD as well [38]. Another important finding was that in
tubular cell lines of a rat model, Klotho suppresses the signal transduction induced by
TGF-β1, thus inhibiting, mainly through inhibition of TGF-β1 signaling. When it comes to
soluble Klotho, it has been observed, in mice with UUO-induced renal fibrosis, its binding
to TGF-β type-II receptor and inhibition of TGF-β1 binding to cell surface receptors as a
consequence. Thus, there was an inhibition of this signaling pathway. Furthermore, in
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renal epithelial cells, Klotho inhibited EMT. These results support the notion that Klotho
can suppress renal fibrosis by inhibiting TGF-β1 activity. Experiments also indicated that
Klotho supplementation can prevent and slow down CKD progression, attenuating the
characteristic renal fibrosis in CKD [38].

3. Acute Kidney Injury

Acute kidney injury (AKI) is a disease with a sudden onset [112], marked by renal
dysfunction that develops from a few hours to within seven days, according to the KDIGO
Acute Kidney Injury Work Group. This disease is characterized by renal and extrarenal
complications in organs such as the heart and the brain [113,114], due to the imbalance
in electrolytes [115] and the accumulation of waste products [116–118]. In the kidneys,
it can vary from minor renal deterioration to ESKD, especially in patients with CKD
history, leading to dialysis [112,119,120]. Hence, this condition is associated with both high
mortality and morbidity [116,121,122].

The worldwide prevalence of AKI is increasing and prior data in the literature have
shown, for instance, that individuals who survive AKI can have a 28% rate of mortality
in the first year after the onset of the disease [123], as well as a 50% increase in the risk
of mortality during the period of approximately 10 years of follow-up [124,125]. These
patients might face other long-term outcomes, such as a higher risk of CKD [126], although
the exact mechanisms for this process are not yet well elucidated [127]. Furthermore,
patients in intensive care units (ICU) have a 50–70% rate of AKI [116,128,129]; therefore,
this disease is considered one of the most worrying issues for hospitalized individuals in
ICUs [117,130–132]. As expected, acute kidney injury also has an impact on costs in the
health system [133,134].

This syndrome has diverse etiologies, such as other prior conditions, such as sepsis,
acute or chronic illnesses [135], ischemia-reperfusion injury (IRI) and even the use of
nephrotoxic drugs [115]. Likewise, the aging of the population represents another important
trend to a higher incidence of AKI [136].

The standard diagnosis for AKI includes an increase in either serum creatinine of
0.3 mg/dL or more within forty-eight hours, in serum creatinine by 1.5 times within seven
days or a urine volume inferior to 0.5 mL/kg/h for six hours [117,137]. A reduction in the
glomerular filtration rate (eGFR) [138] is also a common consequence of this condition.

There are a variety of pathological processes associated with AKI, although the exact
mechanisms involved in its physiopathology are not yet completely understood [139,140].
Proximal tubule cells are the main cells affected after a nephrotoxic insult [141] and inflam-
mation is an important response for the development of AKI [142–144]. Proinflammatory
molecules are released by renal and endothelial cells, resulting in an infiltration of inflam-
matory cells [145]. As a consequence, there is damage to renal tubules, characterized by cell
death via necrosis and apoptosis, cytoskeleton disruption [115] and oxidative stress [146],
for instance. Moreover, after a severe injury in the kidneys, tubular fibrosis and a senescent-
like phenotype in tubular cells [147] might occur. The upregulated production of profibrotic
factors, such as TGF-B, leads to the activation and proliferation of fibroblasts [148,149], stim-
ulating the production of extracellular matrix and tubulointerstitial inflammation [149–151].
There are also other proinflammatory molecules that contribute to the progression of AKI,
such as NF-κB [152–154].

As previously mentioned, severe AKI is considered an independent and important
risk factor for the course of CKD [124,125,155,156]; as such, patients who experience AKI
are more likely to present either CKD or ESKD [157,158]. Likewise, patients with CKD
might also have transient states of renal dysfunction corresponding to AKI [157].

In general, the renal impairment caused by this disease is reversible, although long-
term outcomes might exist, as previously discussed [159]. In addition, AKI is associated
with prolonged hospitalization. There is, however, a lack of efficient therapies for AKI
currently and few biomarkers that are representative of the early stage of the disease
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have been used in clinical practice [160–163]. Thus, both prevention and treatment of this
condition are of pivotal importance [115,145].

In this context, Klotho has been suggested to be possibly related to AKI, as will be
addressed next.

3.1. Klotho in Acute Kidney Injury

Studies have demonstrated that Klotho production is reduced in different models of
AKI, such as in cisplatin-induced AKI [146] and AKI induced by IRI [164], which contributes
to kidney damage during this disease [46,145,165]. Hu et al. reported, for instance, in a
preclinical and clinical study, that in rodents with IRI-induced AKI, the levels of Klotho
were reduced in the kidneys, urine and blood. Moreover, they also showed that a decrease
in this protein level occurred before the reduction of other early biomarkers for kidney
injury [46]. In AKI patients, researchers also detected a reduction of urinary Klotho levels,
compared to healthy individuals [46].

In order to evaluate the role of Klotho in AKI, the same research group induced
different levels of this protein in mice. A higher resistance to injury was found in rodents
with a higher expression of Klotho; hence, these animals displayed fewer kidney alterations,
which indicates that the overexpression of Klotho might mitigate AKI, whereas its deficiency
accentuates the disease [46]. Concerning the restoration of Klotho levels, in rats, the
administration of recombinant Klotho led to less renal damage in comparison to the group
with no such treatment. Furthermore, it has been shown that the earlier the injection of
Klotho after ischemia, the more effective this approach is to improve kidney conditions in
AKI [46]. Other studies conducted with animal models also point out the relevance of this
strategy in improving renal fibrosis and pathogenesis of AKI [146].

Taken together, these results provide evidence that there is indeed a deficiency of
Klotho in AKI and that this contributes to renal damage. Moreover, they also highlight that
this protein is both an early biomarker [38,46] and a contributor to AKI pathogenesis [146],
and it is thus possible to study it as a potential therapeutic tool, considering that renal
injuries are attenuated upon administration.

The exact mechanisms through which Klotho influences AKI and is downregulated
are not well elucidated yet, though; some of these will be described below. It is important
to note that there are several different models for the study of AKI; cisplatin-induced renal
injury is a widely accepted one [145] and Klotho is reduced in this model [164]. This protein
level, however, is also reduced in other models of AKI, such as in IRI [46,146], AKI induced
by LPS and folic acid [110].

3.1.1. Klotho, Inflammation and AKI

During the development and progression of AKI, there is a dysregulation in cellular
processes; some of them are related to Klotho. Data have indicated that the downregu-
lation of Klotho in AKI is associated with cellular senescence and, importantly, that this
process might be induced as a response to oxidative stress [166], which is a contributor
to inflammation. Moreover, reports have shown that Klotho protects the kidneys, hav-
ing an anti-oxidative [167,168] role, since it can stimulate the expression of antioxidant
enzymes [169]. These data are supported by the fact that a deficiency of Klotho was also
shown to be associated with increased levels of oxidative stress [170] in IRI models of AKI.
Furthermore, experiments involving H2O2 as an insult similar to IRI in rodents have high-
lighted that co-incubation of cells with Klotho reduced the release of lactate dehydrogenase
(LDH) [171]. It has been reported by Sun, M., et al., 2019, for instance, in a study involving
septic mice with AKI, that Klotho has a renal protective role and the mechanism for this
process is related to the maintenance of mitochondrial integrity and protection against
oxidative stress [172].

Furthermore, Bi, F., et al., 2018, observed that Klotho is able to suppress lipopolysac-
charide (LPS) AKI through the degradation—via deglycosilation—of toll-like receptor
(TLR) 4 [173].
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Regarding NF-κB in studies conducted in mice, TWEAK and TNF-α were respon-
sible for the downregulation of Klotho, and it has been reported that the mechanism
involves NF-κB [110]. Furthermore, data also suggest that NF-κB is able to suppress
Klotho expression through association with histone deacetylase (HDAC) 1 and nuclear
receptor corepressor (NCoR), which interacts with Klotho promoters and may repress its
transcription in inflammatory conditions. Moreover, in the same study, the researchers
present further evidence of the importance of the anti-inflammatory effects of Klotho in
AKI [174]. Klotho silencing leads to an aggravated inflammatory response in a rhabdomy-
olysis model, causing higher expression of TNF-α and IL-1β, when compared to control
mice injected with siRNA-control. Interestingly, Klotho is of pivotal importance for the
renoprotective effects of nicotinamide, the active form of vitamin B3, which prevents NF-κB
and corepressors recruitment to Klotho promoter, therefore attenuating inflammation and
rhabdomyolysis-induced AKI and preserving Klotho expression [174].

Hence, Klotho is seen as a potential anti-inflammatory molecule in AKI [168,170,173],
due to its association with NF-κB and its protective role against oxidative stress, for example.
However, it is worth mentioning that there is a scarcity of data in the literature relating
to the exact mechanisms through which Klotho is associated with inflammation in AKI,
which highlights the importance of further studies regarding this topic.

3.1.2. Klotho and Non-Inflammatory Mechanisms in AKI

In addition to the inflammatory aspects mentioned above, there are also non-inflammatory
events associated with Klotho and AKI.

Concerning its anti-fibrotic function, Klotho is an endogenous Wnt antagonist, block-
ing, as a result, the activation of β-catenin. Through the inhibition of this cascade, as
previously mentioned, by binding to Wnt ligands (such as Wnt1 and Wnt4), increased
levels of Klotho can reduce fibrosis in kidneys and ameliorate renal function [100,175]. In
animal models of AKI, such as unilateral ureteral obstruction, restoration of Klotho can
avoid renal fibrosis [176,177]. Prior studies have also shown that, in mice, Klotho inhibits
Smad signaling induced by TGF-β; as a result, it interrupts fibrotic signaling. There are
other mechanisms through which Klotho exerts an anti-fibrotic function in the kidneys,
such as the inhibition of HDAC. This inhibition is causally affected by Klotho and con-
tributes to bone morphogenetic protein 7 (BMP-7) restoration, a protein that has a renal
protection role by promoting the repair and proliferation of cells from renal tubules cells
after injuries [178]. The downregulation of BMP-7 worsens renal complications [179,180].
Furthermore, data from an UUO mice model of AKI demonstrated that the administration
of soluble Klotho was able to suppress fibrosis, through binding to the type II receptor of
TGF-β, which inhibits TGF-β signaling [177].

Moreover, studies have indicated that there is cycle arrest in AKI [147]. Researchers
have demonstrated a positive correlation between G2/M cell cycle arrest and the syn-
thesis of cytokines related to the fibrotic process in tubular cells, through a c-jun NH(2)-
terminal kinase (JNK) signaling pathway [147]. Cell cycle arrest may also lead cells to
senescence. Klotho, in turn, was shown to be protective against cell senescence after AKI
induction [181]. Studies have shown, for instance, the attenuation of apoptosis and senes-
cence in cultured endothelial cells after Klotho recombinant protein administration, through
mitogen activated-kinase kinase (MAPK) and ERK signaling pathways [181]. Furthermore,
in vivo studies with mice show that the overexpression of Klotho can abrogate senescence
phenotypes in injured renal tissue. In animals with a high expression of Klotho, there is
also a reduction in mitochondrial DNA damage, which has been attributed by researchers
to this protein. Moreover, researchers have observed a decrease in oxidative stress when
Klotho is overexpressed [47].

There is also evidence of increased Wnt signaling pathway activation in animal models
that are deficient in Klotho. This event is associated, in vitro and in vivo, with cellular
senescence [182]. Thus, Klotho has been associated with the inhibition of the Wnt/β-
pathway in AKI, and it has therefore been considered as an anti-fibrotic molecule.
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In mouse models for AKI induced through IRI, in turn, studies have demonstrated
that the delivery of Klotho leads to improvements in apoptosis, histological damage and
creatinine values. It has been reported that there is an increase in HSP (heat shock protein)
7o expression according to Klotho levels in this animal model, which contributes to the
amelioration of apoptosis [183]. Hence, Klotho has also been shown to be involved with
the reduction of both senescence and apoptosis, along with the improvement of renal
parameters, in different models of study involving AKI.

Moreover, autophagy is activated in several models of AKI, such as in unilateral
ureteral obstruction [184,185], IRI [186,187] and cisplatin-induced AKI [188–192], and
different studies have shown that lower activity of this biological process can lead to
vulnerability in ischemia and nephrotoxicity [184,188–194]. Likewise, balanced autophagy
activity in the kidneys protects them from several renal insults [195–198]. Interestingly,
Klotho has been shown to be associated with autophagy levels [199–202], although the
exact molecular mechanism of this association is not yet completely understood.

Experiments with transgenic mice overexpressing Klotho have shown a positive
correlation between higher autophagic flux and higher Klotho levels; at the same time,
renal cells can become more vulnerable to oxidative stress when autophagy is suppressed.
Furthermore, in cell culture experiments, autophagy inhibitors resulted in a decrease of
Klotho’s induction of autophagy and cytoprotective effects against H2O2. It can inferred
by these results that autophagy is one of the processes through which Klotho induces
protection in renal cells, since its activity is upregulated by this enzyme [203].

Further analysis has also shown that autophagy contributes to the maintenance of
collagen balance in renal cells, according to experiments involving autophagy inducers
and inhibitors to evaluate the expression of collagen type I (Col I) in OK cells. Likewise,
transfection of OK cells with Klotho resulted in a decrease in Col I accumulation, both
extracellular and intracellular. As this effect was abolished in part with the use of autophagy
inhibitors, it has been suggested that this regulation of Col I promoted by Klotho might
depend on autophagy flux [203].

Moreover, there is evidence that due to the collagen degradation stimulated by au-
tophagy [184,204,205] and the induction of autophagy by Klotho, the amelioration of
fibrosis in the kidneys promoted by Klotho might be associated with autophagy. Experi-
ments in cell cultures with autophagy inhibitors have shown a decrease in Col I degradation
by Klotho [203].

Taken together, these results suggest that autophagy is one of the mechanisms through
which Klotho protects the kidneys.

4. Therapeutic Potential of Klotho in Acute and Chronic Kidney Diseases

The reestablishment of Klotho provides benefits concerning the progression of renal
disease and other events associated with it, as it has been discussed in this review and as
briefly shown in Figure 3.

Given the importance of Klotho and its deficiency in both CKD and AKI, some studies
have been conducted into strategies for elevating its levels as a therapeutic approach.
Buchanan, S., et al. have reviewed studies concerning some possible interventions to
increase the levels of Klotho [2]; some of these are summarized in Figure 4.
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Figure 3. Renal benefits after restoration of Klotho levels. The figure shows some of the benefits
for kidneys obtained with the reestablishment of Klotho levels, concerning the progression of acute
kidney disease (AKI) and chronic kidney disease (CKD) and other phenotypes associated with these
diseases. Klotho ameliorates processes involved in the advancement of renal diseases, such as the
inhibition of the renin-aldosterone-angiotensin system (RAAS), fibrosis and oxidative stress. In
addition, Klotho also reduces vascular calcification and vascular dysfunction and it promotes the
improvement of renal structural and functional conditions, such as an increase in the estimated
glomerular filtration rate (eGFR) and a decrease in serum creatinine.

Figure 4. Possible therapeutic approaches for the restoration of Klotho levels. The figure summarizes
some of the potential strategies to increase Klotho levels, considering both endogenous and exogenous
alternatives for that purpose, as reviewed by Buchanan, et al. [2].

Concerning the approaches described in Figure 4, it is important to explore the advan-
tages and also the negative aspects concerning each one of these approaches, as addressed
in the next paragraphs of this review.

(a). DNA methyltransferase inhibitor: In regard to the DNA methyltransferase inhibitor
azacytidine, it has been observed that Klotho’s promoter is located in a region rich
in cytosine and guanine—a CpG island [206,207] that lacks sequences for classic
regulatory elements in this region [206]. Azacytidine, in turn, is able to promote an
augmentation in the promoter activity of the Klotho gene, leading to a rise in the
levels of this protein in cells. The use of this compound in vivo, though, is difficult
and regards future research due to the variety of possible activities presented by this
compound [2].
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(b). Agonists for PPAR-γ: Moving on to troglitazone and ciglitazone, these drugs are
classified as thiazolidinediones and they act as agonists of peroxisome proliferator-
activated receptor gamma (PPAR-γ) [208]. One study indicated that, in cells from
medullary collecting ducts, proximal tubules and distal tubules, there is an induction
of the expression of Klotho genes by these compounds, both in a time- and dose-
dependent manner. The same study proposed that the activation of this receptor
is, then, a potential mechanism for the effect observed, since a selective PPAR-γ
antagonist abolished the process [208]. In regard to the clinical use of these molecules,
the challenges involve edema, weight gain and osteoporosis, among others [209].

(c). Histone deacetylase inhibitors: The other approach discussed in Figure 4 is the use of
histone deacetylase inhibitors, such as trichostatin A and valproic acid. Data indicate
that in cells treated with these compounds, the reduced expression of Klotho induced
by TWEAK or TNF-α is prevented [110]. Likewise, an increase in Klotho’s gene
expression in some cell lineages has been reported [206]. In spite of the fact that these
inhibitors are being evaluated in clinical trials involving the treatment of cancer, for
example, their use in vivo is still difficult, because of adverse reactions, especially
cardio-toxicity [210].

(d). RAAS inhibitors: Regarding the use of RAAS inhibitors, in turn, it has been demon-
strated in a rodent model of chronic nephropathy that the inhibition of angiotensin II
type 1 receptor with the use of losartan results in an augmentation in Klotho expres-
sion, along with a reduction in kidney histological damage [211]. A meta-analysis
of randomized controlled trials and systematic reviews, however, has shown that in
order to improve some functional parameters in CKD patients, such as blood pres-
sure control and the reduction of proteinuria, dual blockade of RAAS is better than
monotherapy [212]. Thus, although the previously discussed alternative represents a
potential strategy for the treatment of CKD, the approach itself does not diminish the
development of ESKD, for example, so it does not cause a long-term amelioration in
the treatment of CKD, as reviewed by that group [212].

(e). Paricalcitol: As illustrated in Figure 4, other compounds are interesting for the ele-
vation of Klotho levels, such as vitamin derivatives, such as paricalcitol. In a study
with uremic rats, conducted by Ritter, it was demonstrated that paricalcitol blocks the
reduction of Klotho mRNA and protein levels in renal tubules [213]. In another study,
on the other hand, an increase in Klotho levels in the kidneys was not observed [214].
Currently, there is a lack of information in the literature in regard to the influence
of paricalcitol and other agonists for vitamin D receptors on CKD progression and
cardiovascular risk [215]. Furthermore, a meta-analysis highlighted the necessity of
future randomized trials to assess the effects of paricalcitol on ESKD progression and
mortality in individuals, although some data point out that this approach is effective
in the reduction of proteinuria [216]. Moreover, the authors reported that there was
a trend towards hypocalcemia in patients [216]. Thus, the clinical feasibility of this
approach still needs further studies.

(f). Intermedin: In regard to intermedin, a study with rats with CKD has shown that the
decrease in Klotho protein levels was overturned by intermedin in the kidneys, plasma
and calcified aorta [217]. This compound also diminished vascular calcification in
this animal model [217]. Intermedin, then, could be a promising strategy to increase
Klotho levels. However, the lack of information in literature about this compound is
a downside of it. Only two experimental papers were found when we searched for
information about intermedin and Klotho in Pubmed [217,218]. Thus, further studies
are needed in order to shed light on the efficacy and safety of intermedin and on how
exactly it is related to Klotho levels.

(g). Statins: Statins have also been proposed as a promising approach to promote Klotho
overexpression. Studies with rodents demonstrated that these drugs led both to an
increase in renal Klotho levels and to the attenuation of the reduction of Klotho in
nephropathy [219]. Furthermore, there was an improvement in the resistance to oxida-
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tive stress in CKD [219]. Although the use of statins for patients with correct medical
recommendations is considered acceptable because of their benefits [220], a review has
pointed out that genetic testing of transporter genes which affect the internalization
or efflux of statins would be interesting, considering the existent polymorphisms that
can affect both the safety and efficacy of statins, since this genetic background might
interfere in the incidence of myopathy and statins results in patients [221].

(h). Recombinant protein: The administration of recombinant Klotho, in turn, is a potential
strategy to increase its levels [48]. Studies with rodent models for kidney diseases have
shown the attenuation of renal fibrosis [177], the avoidance of progression from AKI to
CKD, cardiac remodeling and an improvement in renal and cardiac parameters [177].
Researchers have also observed the reduction of kidney damage and recovery from
AKI [46]. However, the Klotho protein’s instability in urine and blood [222] might
demand alternatives to an effective recombinant protein administration [223]. Timing
for treatment should also be analyzed so that there would not be an impaired recovery
of the kidneys [223].

(i). Adenoviral delivery: Lastly, as described in Figure 4, adenoviral delivery of Klotho
leads to an increase in this protein level. Studies with rodents with reduced Klotho
expression have indicated the mitigation of renal damage promoted by adenoviral
Klotho delivery, seen, for example, with a decrease in tubular atrophy [224]. Regarding
this approach, there are also other studies involving rodent models for diabetic kidney
disease (DKD) that show the amelioration of the disease after the delivery of Klotho,
which might be associated with the inhibition of RAAS activation and the Wnt/β-
catenin pathway [225] and the improvement of creatinine clearance, proteinuria and
tubulointerstitial damage in animals with Ang-II infusion [226]. Moreover, in rodent
models for AKI studies have demonstrated the mitigation of histological damage and
apoptosis and the improvement of serum creatinine levels post-injury after Klotho
delivery [183]. Although promising results have been achieved so far, it is important
to mention that the adeno-viral delivery of genes requires caution, due to possible
mutagenesis or immunogenicity [227].

(j). Mesenchymal stem cells and extracellular vesicles: Taking into account all the ap-
proaches discussed previously, we decided to explore the potential of MSCs due to
their applicability in regenerative medicine. Currently, these are the most studied type
of stem cells [228] and they are also the most commonly used ones [229]. They are
seen both as a therapeutic approach themselves, through their direct administration
to patients—either genetically modified or not—and as a way to grow organoids in
culture, for instance, which can also be administered to patients later [230]. These
cells present potential for the treatment of different diseases, due to their immune
modulation and differentiation properties, along with their tropism for injured tissues
and their rich secretome, as it will be addressed in this review [229]. Hence, consid-
ering these characteristics of MSCs, alongside Klotho’s anti-inflammatory potential,
we speculate that these cells can act like a “Trojan Horse” in vivo, delivering Klotho
to the renal tissue, and that they could therefore modify and improve the microenvi-
ronment conditions for Klotho. This protein, in turn, would be able to ameliorate the
surroundings conditions for MSCs as well, and consequently increase their efficacy
in vivo. Therefore, we propose that MSCs and Klotho would act in a synergic way,
contributing to the improvement of kidney conditions in CKD and AKI, as illustrated
in Figure 5.
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Figure 5. Synergism between mesenchymal stem cells (MSCs) and Klotho. We speculate, based on
data in the literature, that, in vivo, the properties of MSCs, such as tropism to damaged tissues, their
protective secretome and pro-survival effects in resident cells, would act alongside the beneficial
effects of Klotho, such as its reduction of renin-angiotensin-aldosterone-system (RAAS) activation, its
influence on vitamin D and phosphate metabolism and the reduction in vascular calcification, As
a result, there would be reduction in fibrosis and inflammation, improvement of pro-regenerative
conditions for the damaged tissue, as well as a reduction in oxidative stress and renal injury
in general.

Taken together, these data reveal that Klotho can be used both as a biomarker and,
potentially, as a therapeutic tool for renal diseases [46].

4.1. Mesenchymal Stem Cells
4.1.1. Properties and Characterization of Mesenchymal Stem Cells

Mesenchymal or stromal stem cells (MSCs) are cells found ubiquitously in the perivas-
cular region. As we have previously discussed, these cells were first described nearly
50 years ago and extensive research has documented their potential to differentiate into
the three germ layers in vitro [231]. Despite this multipotent capacity, there is compelling
evidence that MSCs contribute to tissue regeneration through paracrine effects, in particular
via secretome production, and their direct differentiation in vivo into damaged cells in a
specific organ is not relevant from a clinical perspective [231].

The MSC-derived secretome comprises extracellular vesicles (EVs), such as microvesi-
cles and exosomes that differ in their size (50–1000 nm vs. 30–150 nm), origin (outward
budding and shedding from plasma membrane vs. endolysosomal pathway and exocytosis)
and cargo (surface proteins, cytosolic proteins, DNA, mRNA and miRNA vs. exosomal
proteins, cytosolic proteins and miRNA) [232]. EVs play a crucial role in cell–cell com-
munication, in particular the immunologic response, angiogenesis, cell proliferation and
cell differentiation. Furthermore, MSCs were able to prevent tissue damage through the
transfer of mitochondria [233].

The MSC-derived secretome represents is a cell-free alternative for treating kidney
diseases, which can bypass some issues related to autologous and allogeneic MSCs [234].
This secretome can be obtained from different sources of MSCs, including bone marrow,
adipose tissue, the umbilical cord and Wharton’s jelly. Some advantages include their
time-saving nature, scalability, the absence of antigenic factors, their ease of obtainment



Pharmaceutics 2022, 14, 11 20 of 42

and the adaptation of MSC to producing preestablished secretome components, designed to
target specific diseases, and even allowing the separation of vesicles from soluble proteins
and the management of the cell product according to each disease setting.

Moreover, EVs isolated from MSCs are promising strategies in kidney diseases, as they
modulate several biological processes, such as oxidative stress, apoptosis, inflammation,
fibrosis, angiogenesis, cell cycle, regeneration, autophagy and cell proliferation [235,236].

Strategies for targeting EVs to particular target cells can also be achieved through
genetic modification. Therefore, these EVs can also be engineered and loaded with Klotho
recombinant protein or other cargo for kidney repair, as previously described for urine-
derived EVs [237]. Importantly, microvesicles isolated from BM-MSCs can be integrated
into tubular epithelial cells and lead to an improvement in morphological and functional
parameters in glycerol-induced AKI [238].

Other genetic modifications of EVs comprise the modification of these EVs to express
targeting moieties fused with exosome-native membrane proteins, such as lysosomal-
associated membrane protein 2 (Lamp2b), tetraspanins, glycosylphosphatidylinositol (GPI)
and lactadherin C1C2, as well as engineering exosome-liposome hybrids [239,240].

Taken together, these findings shed light on the use of engineered EVs from MSCs for
Klotho delivery in acute and chronic kidney diseases.

However, EV-based therapy imposes some challenges, which include the recovery
of EVs, purity, specificity, sample volume, efficiency, complexity, the functionality of EVs,
time, cost, the need for advanced equipment and scalability [241]. For large-scale pro-
duction, tangential flow filtration (TFF) combined with a size-exclusion chromatography
(SEC) column efficiently yields high-purity EVs [240] and should be pursued for clinical
applications. MSCs are immune-privileged cells, as they do not express class II MHC (major
histocompatibility complex) or stimulatory molecules such as CD86, CD40 and CD40L,
which has prompted the development of clinical studies of not only autologous but also
allogeneic cells in several acute and chronic diseases. Therefore, for therapeutic purposes,
the characterization of MSCs should include the following in vitro properties, according
to the International Society for Cellular Therapy (ICST, 2006): (a) adherence to plastic;
(b) immune-phenotype profile with positivity for CD29, CD44, CD73 and CD105, as well
as negativity for hematopoietic markers (CD34 and CD45), monocyte markers (CD14 or
CD11b) and lymphocyte markers (CD79 or CD19, as well as HLA-DR); (c) multipotent ca-
pacity to differentiate into mesoderm-derived cells, in particular adipocytes, chondrocytes
and osteocytes [242].

Furthermore, in order to standardize the characterization of MSCs and reduce their
heterogeneity, the updated version of the ISCT guidelines (2016) recommended the fol-
lowing analyses of the properties of MSCs before they are administered for therapeutic
purposes: (a) self-renewal capacity and clonogenicity assessed via the colony-forming unit
fibroblast assay (CFU-f), which means that each colony arises from a single precursor cell,
and the doubling-time; (b) analytical methods for measuring potency, including extensive
product characterization data evaluating immunochemical (quantitative flow cytometry
or enzyme-linked immunosorbent assay), biochemical (protein binding or enzymatic re-
actions) and/or molecular (reverse transcription polymerase chain reaction, quantitative
polymerase chain reaction or microarray) attributes of the product; (c) functionality assays
focusing on the specific therapeutic properties that are sought in vivo, in particular the
angiogenic potential and the immunomodulation assays performed with MSCs and the
lymphomyeloid cell population; (d) assessment of immune plasticity at both phenotypic
and functional levels; and (e) karyotype [243]. When the MSC-derived secretome is ana-
lyzed, it is therefore possible to identify a molecular signature upon exposure to various
pro-inflammatory cytokines such as interferon (IFN)-γ, tumor necrosis factor (TNF)-α,
IL-1α and IL-1β [244]. These pro-inflammatory cytokines mimic the microenvironment
of dysregulated immune responses or systemic inflammation found in patients during
MSC infusion, as the measurable immunological characteristics of MSCs depend on their
activation status at the time of interaction with effector cells. Thus, this functional assay re-
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capitulates the immune regulatory functions of MSCs, since their phenotype under resting
conditions and their polarization toward inhibitory functionality after pro-inflammatory
stimuli can be evaluated from different donors, as well as from MSCs from different sources.

Additionally, the ISCT recommends including appropriate reference materials, stan-
dards and/or controls and establishing and documenting the accuracy, sensitivity, speci-
ficity and reproducibility of the test methods used through validation on a regular basis in
facilities with Good Manufacturing Practices (GMP) [243].

However, there are some challenges when clinical outcomes are compared across
studies, such as the MSC source, which most frequently includes bone marrow, adipose
tissue and the umbilical cord; the route of administration, which most often includes
intravenous, followed by intra-articular, intracardiac or intrathecal depending on joint,
cardiovascular or neurological diseases, respectively; the number and/or frequency of cell
administration; and the homing capacity and severity of the patient’s condition [245,246].

4.1.2. Efficacy and Safety of Mesenchymal Stem Cells

In a kidney disease setting, MSC efficacy is challenged by several aspects. Therefore,
the inflammatory milieu in the course of kidney disease can be modified and the MSC
phenotype is modulated accordingly [247,248]. When the environment is non-inflammatory
(low levels of IFN (interferon)-γ and TNF-α), MSCs acquire a proinflammatory phenotype
(MSC1), and when Toll-like receptor (TLR)-4, LPS (lipopolysaccharide) and high levels
of chemokine C-X-C motif ligand (CXCL)9, CXCL10, MIP (macrophage inflammatory
protein)-1α, MIP-1β and CCL5/RANTES (regulated on activation, normal T cell-expressed
and secreted), but low levels of IDO (indoleamine 2,3-dioxygenase), NO (nitric oxide) and
PGE2 (prostaglandin E2) are detected, the activation of cytotoxic T lymphocytes is triggered.
In contrast, in an inflammatory environment associated with high levels of IFN-γ and TNF-
α, MSCs acquire an immunosuppressive phenotype (MSC2) and through TLR-3 lead to
an increase in the production of TGF-β, IDO, NO and PGE2. These events stimulate the
amount of CD4+CD25+FoxP3+ T regulatory cells and may explain the immunomodulatory
properties of MSCs and their involvement in tissue regeneration.

Additionally, inflammation may also affect the interaction of MSCs and monocytes.
When MSCs acquire an immunosuppressive phenotype in the presence of IL-6, they pro-
duce high levels of IDO and PGE2, which contributes to polarization from monocytes (M0)
to a macrophage anti-inflammatory phenotype (M2 macrophages, which are characterized
by CD206 and CD163 expression and the production of high levels of IL-6 and IL-10).
Conversely, the proinflammatory MSC-induced phenotype may lead to polarization from
M0 to proinflammatory macrophages (M1 macrophages; which are characterized by CD86
expression and the production of high levels of IFN-γ and TNF-α) [247,248].

Therefore, the clinical condition of the recipient also plays a key role in our understand-
ing of the mechanisms of MSC-mediated tissue regeneration. Thus, in individuals with dia-
betic ketoacidosis, stem cell therapy lacks efficiency in controlling hyperglycemia [249]. The
burden of chronic diseases, such as DM, which is the leading cause of CKD globally, may
ultimately affect the potency of MSCs. Importantly, type 2 DM-derived AT-MSCs exhibit a
lower proliferative capacity, higher levels of senescence and apoptosis, and a decreased
potential for differentiation when compared to healthy donor-derived MSCs [250,251].
Likewise, MSCs isolated from type 2 DM produce lower levels of vascular endothelial
growth factor A (VEGFA) and C-X-C chemokine receptor 4 (CXCR4), which compromises
their angiogenic and migratory potential [251]. These findings have biological implications,
as autologous MSCs from type 2 diabetic individuals may not function properly. On the
other hand, type 1 DM-derived MSCs, although exhibiting a distinct gene profile from
healthy donors, possess an equivalent colony-forming unit-fibroblast capacity, cytokine
secretion, immunomodulatory activity and wound healing potential [252]. The difference
between type 1- and type 2-derived MSCs may be at least in part explained by the older
age and the number of comorbidities in the latter.
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In line with these findings, MSCs obtained from individuals with cardiovascular
disease (CVD), the leading cause of death in CKD, show increased senescence and reduced
proliferation and regenerative potential, despite studies presenting conflicting results [253].
However, DM and CVD seem to have an additive effect in decreasing MSC potency.
Therefore, the characterization of MSC function accordingly to ISCT is of paramount
importance to guide decisions regarding the use of allogeneic or autologous cells.

In terms of alloimmune reactions in individuals receiving allogeneic MSCs, it was
documented that these responses were very low [254,255].

Moreover, the route of MSC delivery plays a crucial role in MSC efficiency. As pre-
viously reviewed, the intravenous route is chosen more frequently for treating kidney
diseases due to the relative ease of the procedure, even though MSCs are initially trapped
inside the pulmonary vasculature. Intra-arterial routes, including intra-aorta, intra-renal
artery and intracarotid routes, are associated with a more robust repair of kidney injury.
Although the intraparenchymal route, e.g., under the renal capsule, leads to kidney im-
provement, this route is less practical for clinical applications [256].

The cell source, for instance, is a great subject of debate nowadays. Bone marrow is the
most used MSC source, followed by the adipose tissue and the umbilical cord [257]. The
MSCs isolated from these sites may present different in vitro and in vivo behaviors that
may affect their application. Bone marrow MSCs (BM-MSCs) exhibit a lower proliferation
rate when compared to the other sources and also express a secretome profile that enhances
its osteogenic and condrogenic potential, as BM-MSCs secrete higher amounts of stromal
cell-derived factor (SDF)-1 and HGF [257–260]. However, AT-MSCs are easier to isolate due
to high availability and accessibility. Moreover, AT-MSCs have higher adipogenic potential
and a secretome composed of high levels of insulin-like growth factor (IGF-1), VEGF-D and
IFN-γ [259,261].

It is not only MSC characteristics that are involved in kidney repair. The evaluation
of its therapeutic potential in the most appropriate pre-clinical model that mimics renal
disease in humans is also of paramount importance for advancing our understanding of
MSC-based therapy. Therefore, a large body of evidence has demonstrated the impact of
this therapy in acute kidney injury, including IRI, kidney transplantation and drug-induced
kidney injury [262], as well as chronic kidney disease, in particular DKD [256]. Whether the
same kind of results is seen in humans with multiple comorbidities remains to be studied
in detail.

One of the most important aspects of advancing MSC-based therapy is defining the
MSC source, whether they are derived from allogeneic or autologous donors. As we have
previously reviewed, aging and chronic diseases, in particular diabetes mellitus and DKD,
may decrease the potency of MSCs, including a decrease in their homing capacity and
potential for angiogenic differentiation [256]. These findings point to the development of
MSC biobanks, since alloimune reactions in patients treated with allogeneic MSCs are very
low (3.7%) [254].

Therefore, MSCs contribute to mitigating acute kidney injury after ischemic and toxic
injury [262], and to curtailing chronic kidney disease, including DKD [263], 5/6 nephrec-
tomy [264] and renovascular hypertension [265]. In the kidney disease setting, MSCs have
contributed to immunomodulation by reducing the levels of pro-inflammatory cytokines
such as IL-1β, IL-6 and TNF-α, as well as inhibiting in macrophage infiltration by decreas-
ing the expression of monocyte chemoattractant protein-1 (MCP-1) and also increasing
the levels of anti-inflammatory interleukin IL-10 and indoleamine 2,3-dioxgenase (IDO),
which contributes to stimulating regulatory T cells; secreting trophic factors (hepatocyte
growth factor (HGF), epidermal growth factor (EGF), vascular endothelial growth factor
(VEGF) and bone morphogenic protein-7 (BMP-7)); ameliorating oxidative stress (decreas-
ing levels of malondialdehyde (MDA), reactive oxygen species and protein carbonyl and
increasing superoxide dismutase); decreasing fibrosis (decreased expression of TGF-β1,
PAI-1 or plasminogen activator inhibitor-1, collagens type I and IV and α-SMA or α-smooth
muscle actin); and modulating kidney injury (increased expression of nephrin, podocin,
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WT-1, synaptopodin, megalin, zonula occludens-1 and E-cadherin, as well as tubular Ki67
proliferation index and anti-apoptotic factors, including Bcl-2, and the reduction of pro-
apoptotic factors such as BAX) [256,262]. By attenuating kidney damage, MSCs may lead
to better kidney function, including a reduction in serum creatinine, urea and albuminuria,
ultimately leading to animal survival. Notably, adipose-tissue-derived MSCs (AT-MSCs)
injected into animals with streptozotocin-induced renal injury, e.g., DKD, prevented the
progression of kidney disease by decreasing Bax and Wnt/β-catenin levels, and increasing
Bcl-2 and Klotho levels [266].

These findings have important clinical and pathophysiologic implications regarding
the impact of MSC-based therapy on the burden of kidney diseases. As kidney diseases
encompass the dysfunction of a wide range of cells, including epithelial tubular cells from
distinct compartments, interstitial cells, endothelial cells, mesangial cells and podocytes,
strategies to enhance MSC potency are further warranted. Therefore, preconditioning
of these cells with hypoxia, pharmacological agents, trophic factors/cytokines, physical
factors/material and small molecules, as well as genetic modification and the optimization
of MSC culture conditions, are currently being pursued [267]. These strategies are effective
in activating several signaling pathways that are important in protecting cells and organs
from injury, in particular in reducing apoptosis, oxidative stress and fibrosis, as well as in
increasing cell proliferation and migration and angiogenesis. Therefore, preconditioning
strategies may ultimately reduce MSC heterogeneity and represent a key approach to
setting the basis for advancing cell therapy in preclinical and clinical studies.

Importantly, preconditioning of MSCs in a hypoxic environment with 2–5%, which
mimics the MSC environment, allows these cells to remain multipotent and have a greater
proliferative and migratory capacity, and exhibit low rates of senescence [268,269]. No-
tably, hypoxia-preconditioned MSCs do not differentiate into tumors either in vivo or
in vitro [268]. Additionally, preconditioning MSCs via stimulation with TNF-α, IFN-γ,
PGE2 and nitric oxide leads to more homogenous behavior by MSCs in T lymphocyte
proliferation assays and late-type hypersensitivity responses [270].

Other strategies investigated to precondition MSCs include the use of the iron chelator
deferoxamine (resulting in an increase in angiogenic factors and anti-inflammatory cy-
tokines) [271]; antioxidant pre-treatment (N-acetylcysteine and ascorbic acid 2-phosphate,
which decrease TNF-α and improve IL-10 secretion) [272]; PDGF pre-treatment (improve-
ment in proliferation and migration) [273]; and co-culturing of MSCs and human umbilical
cord extracts (Wharton’s jelly extract supernatant, which represents a cocktail of growth
factors, including IGF-1, EGF, PDGF-AB, and b-FGF), L-glutamate, components of extracel-
lular matrixes (hyaluronic acid, collagen and MUC-1) and exosomes, which contribute to
preserving MSC properties and functionality [274].

Moreover, MSCs can also be tested as carriers of genes or genetic modifications. Due to
their ability to migrate to injury sites, MSCs represent a promising strategy for the delivery
of genes associated with the regeneration and repair of renal tissue, functioning as a “Trojan
horse” [275]. Thus, several genes associated with trophic factors may be used for these
purposes, such as Klotho and other trophic factors with renoprotective potential.

MSC-based therapy is equally promising in the context of genetic modifications for
treating kidney diseases, including the overexpression of sirtuin-3 [276], erythropoietin,
C-X-C chemokine receptor 4 (CXCR4), CTLA4Ig and IL-10/selectin, as well as the trans-
fection of minicircles containing biological drugs, such as etanercept, which is a TNF-α
blocker [277], and the transfection of nanoparticles containing iron oxide, polymers and
plasmids [278].

Stromal-derived factor-1 (SDF-1), also known as CXCL12, and its receptor, the CXCR4
axis, is a crucial key pathway in cell trafficking during kidney damage. Thus, in acute
kidney injury, SDF-1 mRNA levels increase more than 2.5-fold and remain as high as
~2.0-fold after 24 h within kidney cortex tissue [279]. That increase leads to homing and
migration of CXCR4-expressing MSCs to the injured kidneys. However, MSCs, which
express CXCR4, migrate to damaged tissues with limited efficiency. Therefore, CXCR4
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gene-modified BM-MSCs lead to accumulation of these cells within the injured kidney and
activation of the PI3K/AKT and MAPK signaling pathways through phosphorylation [280].
Likewise, exosomes secreted from CXCR4-overexpressing MSCs promoted an increase in
angiogenesis, as opposed to a decrease in apoptosis and fibrosis [281]. These approaches
represent a promising strategy for advancing MSC-based therapy.

Although MSC-based preconditioning treatment has not been associated with harmful
effects, further studies are required to verify its effectiveness in maintaining MSC properties.

Looking forward, the production of a large amount of MSCs is a challenge in the
advancement of MSC-based therapy in renal diseases, as multiple infusions might be
required, in particular for chronic kidney disease. Therefore, automated hollow-fiber
bioreactors and microcarriers have been validated for the development of the large-scale
manufacturing of MSCs, providing cells with preserved characteristics and functionality
in a 3D environment when compared to the manual multilayer flask method [282,283].
Importantly, this approach may be cost- and time-saving. In addition, a scaffold structure
could influence the functions of seeded cells. When a hydrogel, a porous scaffold of the
alginate solution (derived from brown algae) and a tissue culture plastic surface were
compared, it was observed that the porous scaffold allowed the highest concentration of
cytokines and growth factors produced by MSCs [284].

4.2. Crosstalk between Klotho and Mesenchymal Stem Cells

In addition to the previously discussed strategies designed to increase Klotho levels,
MSCs are a promising strategy aiming to modulate Klotho expression in CKD and AKI [285].
Moreover, their secretome is composed of molecules such as growth factors and cytokines,
which confer immune modulation and antifibrotic roles [256,286].

A preclinical study, for instance, has been conducted with streptozotocin-induced
DKD in rats, which were further injected with adipose-tissue-derived mesenchymal stem
cells (AT-MSCs). It was found that these cells resulted in a reduction of typical histolog-
ical alterations in the animals treated, such as tubulointerstitial fibrosis and glomerular
hypertrophy. Furthermore, the authors observed a decrease in apoptosis in renal tissue,
as seen by a restoration of Bax and Bcl-2 to normal levels. Interestingly, the researchers
also evaluated the levels of Klotho after the intervention proposed and reported that in
AT-MSC animals, the levels of this protein were higher, whereas the expression of pro-
teins such as Wnt1 and active β-catenin were lower. A similar result has been observed
in vitro, in experiments involving the co-culturing of NRK52-E cells—rat kidney clones
from epithelioid and fibroblastic cells—and AT-MSCs in high-glucose medium. In these
in vitro experiments, a higher expression of Klotho was reported, alongside the inhibition
of upregulated proteins by the hyper-glucose medium, such as Wnt 1 and active β-catenin,
when the stem cells were used. In brief, it has been demonstrated that stem cells are able
to mitigate renal damage through both the upregulation of Klotho and the inhibition of
Wnt/-catenin signaling [266].

Concerning the inhibition of the Wnt/β-catenin pathway, it has been proposed by
other studies that Klotho is able to bind to ligands of this pathway, along with the fact that
it is negatively related to Klotho expression [175,182]. In an in vitro study, for instance, it
has been reported that through binding, Klotho inhibited Wnt activities and consequently
β-catenin and the expression of its target genes. On the other hand, the group also observed
that in tissues derived from Klotho-deficient animals, Wnt signaling was higher and this
resulted in cell senescence [182]. Thus, considering Klotho as an antagonist for the Wnt
pathway, as well as the previously discussed data, it can be proposed that the downregula-
tion of this protein in CKD might contribute to the excessive activation of Wnt/β-catenin
signaling, which is associated with the development of renal conditions, such as DKD.

In addition to the reports mentioned, studies have shown that Klotho improves
BM-MSC proliferation [287–289] and pluripotency potential by increasing the expression
of pluripotent transcription factors such as OCT4 and Nanog [289] and reduces their
osteogenic potential in vitro through the downregulation of FGFR1 and decreased phos-
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phorylation of ERK1/2 [288]. Moreover, Ullah, et al., observed higher senescence and
apoptosis rates, related to Klotho deficiency in AT-MSCs. Decreased Klotho expression
is associated with the impairment of telomerase activity and the upregulation of pro-
inflammatory and tissue-remodeling-related gene expression and SRY box-2 (Sox2) and
CD90 [290]. Therefore, restoring Klotho expression may preserve MSC function and en-
hance its therapeutic potential.

Furthermore, it has been shown that modification through overexpression of the
Klotho gene increases the paracrine ability of BM-MSCs, expressing higher levels of IGF-1,
VEGF and HGF [287]. Thus, the synergism between Klotho and MSCs may enhance the
properties of each other, decreasing oxidative stress and creating a proregenerative mi-
croenvironment. In fact, the administration of modified MSCs expressing Klotho lead to
higher renal superoxide dismutase (SOD) and reduced malondialdehyde (MDA) expres-
sion [291] and improved antifibrotic capacity in IRI through inhibition of the Wnt/β-catenin
pathway and EMT of the epithelial tubular cells. Likewise, in an AKI mouse model of
rhabdomyolysis, the modified MSCs with the Klotho gene presented markedly higher
therapeutic potential when compared to the transplantation of MSC-EVs and MSCs alone.
The treatment significantly reduced serum creatinine and BUN levels and preserved renal
function [292].

In short, the increases in Klotho levels in kidney diseases have been associated, in
different studies, with the improvement of histological damage, such as glomerular hyper-
trophy and tubulointerstitial fibrosis, along with reduced apoptosis and activation of the
Wnt/β-catenin pathway, which is involved in the progression of kidney illnesses. At the
same time, data in the literature point out that stem cells are able to modulate processes re-
lated to the attenuation of renal injury in kidney diseases, including through the regulation
of Klotho expression, through their characteristic properties [266], although the improve-
ment of their therapeutic efficacy in vivo is challenging and still requires the development
of strategies, as reviewed by Yun C. W et al. [293]. When genetically modified, MSCs can
be also used as a vehicle to promote the expression of Klotho. Thus, combining MSCs and
Klotho represents a relevant therapeutic strategy for the treatment of kidney illnesses.

4.3. Perspectives on MSC and Gene Therapy for Chronic and Acute Kidney Disease

As previously discussed, CKD is considered a public health problem, with a rising
incidence, that usually results in ESKD and other complications. There is a paucity of
biomarkers that can be used for the early diagnosis of this condition. Therapeutic ap-
proaches are also limited and CKD usually progresses in patients. Therefore, considering
that CKD is a complex disease, the development of new strategies for the treatment of this
illness is of pivotal importance and the use of more than one therapeutic measure might be
interesting. Similarly, AKI might lead to a higher risk of CKD and ESKD development and
it is associated with high mortality in patients as well, both in hospitalized individuals and
in those who are not hospitalized. Its incidence is also rising; however, there is a lack of
therapies available and a lack of biomarkers for the early stages of the disease. Thus, the
study of new potential therapeutic approaches for both diseases remains relevant.

In this regard, MSC therapy is an emerging approach for the treatment of acute and
chronic kidney diseases. Due to their properties, these cells are an object of interest for
many ongoing studies and clinical trials [294,295]. Indeed, the number of registered clinical
trials using cell therapy and submissions to the US Food and Drug Administration (FDA)
has recently increased for several different pathologies.

4.3.1. MSC-Derived Extracellular Vesicles

As previously explored in this review, an important point of interest concerning
MSC therapy is the administration of MSC-derived EVs, since most of these cells’ pro-
regenerative effects occur because of their paracrine signaling. Hence, this is a promising
approach for the treatment of both CKD and AKI. In addition to the interesting properties
mentioned above in relation to their microRNA cargo, these vesicles exhibit a preferen-
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tial tropism to the damaged kidney. Studies have demonstrated, for example, that in
comparison with sham controls, in which the vesicles accumulate mainly in the liver, the
damaged tissue uptakes the MSC-EVs more efficiently [296,297]. Furthermore, the treat-
ment mitigates AKI in a dose-dependent manner through the reduction of serum creatinine
levels, interstitial infiltrate and apoptosis, as well as through the promotion of tubular cell
proliferation and antioxidant effects [296,298].

Similarly, it has been found that the administration of MSC-EVs from human um-
bilical cord-derived MSCs into a mouse model of IRI reduces cell death and induces the
proliferation of tubular cells [296]. Characterization of the EVs revealed the high expression
of miR-125b-5p, which promoted repair through the inhibition of tumor protein suppres-
sion p53 signaling, and thereby mitigated G2/M arrest and limited apoptosis, as will be
addressed in the next topic of this review.

Furthermore, data in the literature have shown that the downregulation of microRNA
in MSC-EVs decreases the protective properties of these cells in AKI. MSC-EVs containing
microRNA in its inactive form failed to promote healing in a murine glycerol model of
kidney injury, whereas EVs carrying mature and active microRNA ameliorated the damage,
reduced the apoptosis of epithelial tubular cells and promoted a proregenerative expression
profile in the injured tissue [299].

Interestingly, a review of studies with DKD murine and primate models showed an
increase in survival and an improvement of functional and structural parameters after MSC
transplantation [256] MSC- and MSC-derived EV-based therapies have the potential to
decrease fasting blood glucose and glycated hemoglobin, thus reducing glucotoxicity and
mesangial expansion. Additionally, MSC attenuates the oxidative, pro-inflammatory and
remodeling milieu through the reduction of IL-6, MCP-1, IL-1β, TNF-α, TGF-β and collagen
I/IV expression [300,301], indicating that these cells possess broad beneficial effects in the
kidney and pancreas in DM setting.

Still concerning DKD patients, MSC-based clinical trials reported significant improve-
ments in renal function, with decreased levels of serum creatinine, blood urea nitrogen
(BUN), albuminuria and kidney hypertrophy [300]. Moreover, the treatment showed the
sustained reduction of blood glucose levels and insulin requirements. According to some
studies, this occurs because MSCs and MSC-derived EVs reach the injured pancreas and
restore glucose homeostasis through the preservation of β-cell function and the promotion
of its proliferation [302,303].

Hence, the administration of MSCs-EVs is a potential approach to MSC therapy for
kidney diseases. As shown in several studies discussed here and some others that will be
discussed in the next section, these vesicles present tropism for injured tissue, alongside
the beneficial effects provided by their cargo.

4.3.2. MicroRNAs

Regarding the previously discussed information, the MSC-derived secretome functions
as a mechanism of cell–cell communication by which MSCs can modulate tissue repair and
regeneration. This secretome is composed of a wide range of soluble factors and vesicles
carrying cytokines, chemokines, growth factors and proteases, as well as messenger RNA
(mRNA), microRNA(miR) and DNA [256]. Among the factors mentioned, the extracellular
RNA carried by EVs, composed of mRNA and miRNA—a class of small non-coding RNAs
that modulate gene expression and post-transcriptional modifications [304]—is a special
point of interest [299,305].

Some examples of abundant microRNAs in MSC-derived EVs include miR-125a-5p,
miR-26a-5p and miR-191-5p, which may have an important role in renal physiology and
repair. Among these molecules, miR-125a-5p acts on the attenuation of the inflammatory
response as it promotes the polarization of macrophages M2 by targeting tumor necrosis
factor receptor (TRAF) 6 mRNA and regulating its expression [306,307]. Thereby, this
microRNA is negatively regulated in conditions related to acute inflammation, such as
LPS-induced kidney injury [307].
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Moreover, miR-26a-5p mediates the maintenance and homeostasis of glomerular cell
types [308]. It is highly expressed in podocytes and it contributes to their physiology
by preventing extracellular matrix accumulation through the inhibition of connective
tissue growth factor (CTGF), which is induced by TGF-β in a Smad3-/Smad4-dependent
manner [309,310]. However, miR-26a-5p expression decreases in injury related to podocyte
injury, for instance in DKD and glomerulonephritis [308]. In contrast, a high glucose milieu
increases miR-26a-5p expression in mesangial cells, in which the microRNA promotes
hypertrophy and extracellular matrix expression by targeting the phosphatase and tensin
homolog (PTEN)/protein kinase B (Akt)/mammalian target of the rapamycin complex
(mTORC)1 pathway [311]. However, renal injury in diabetes is also characterized by
apoptosis of mesangial cells and, therefore, the miR-26a-5p increase in these cells may act
as a compensatory mechanism to mitigate the damage. The molecule miR-26a-5p may also
exert a beneficial role through the modulation of the inflammatory response. It suppresses
IL-6 expression and induces regulatory T cells (Tregs) expansion in AKI and CKD [308]. In
addition, miR-191-5p may act as an upholder of kidney function and homeostasis against
AKI and CKD as well. It has been observed that the administration of an miR-191-5p mimic
in an AKI model caused diminished cytokine expression and lowered the apoptosis rate by
targeting oxidative stress responsive 1 (OXSR1) [312]. Furthermore, miR-191-5p expression
is downregulated in CKD patients and it is positively correlated with eGFR [313].

Thus, as indicated by several studies, some miRs might be unbalanced in renal diseases.
On the other hand, they are able to promote the amelioration of the inflammatory burden
in the renal tissue, as well as the prevention of extracellular matrix accumulation. They are
also important for the maintenance of cells’ physiology, such as that of podocytes. Therefore,
among the components of MSCs-EVs, miRs present important roles in kidney repair.

4.3.3. MSCs Combined with Sodium-Glucose Co-Transporter-2 Inhibitors

In conjunction with the above information, as further evidence of its emergent potential
as a complementary strategy to the current treatment, a study has shown decreased sodium-
glucose co-transporter-2 (SGLT2) expression on renal tubular cells after MSC administration
in rhesus monkeys [314]. SGLT2 is the main molecule responsible for glucose reabsorption
and it is a target of SGLT2 inhibitors. In fact, MSC effects were comparable to SGLT2 drug
inhibition both in vivo and in vitro. Therefore, combining MSC-based cell therapy with
SGLT2 inhibitors is a cutting-edge approach, as these drugs halt DKD progression and
the occurrence of cardiovascular events [315]. Importantly, emerging data indicate that
SGLT2 inhibitors also curtail the progression of other causes of CKDs, such as hypertension
and glomerular diseases [316]. Furthermore, a meta-analysis has shown that these drugs
are able to avoid AKI in patients with type 2 diabetes mellitus [317], which highlights the
importance of SGLT2 inhibitors in clinical practice.

4.3.4. Klotho, microRNAs and Genetically Modified MSCs in Chronic and Acute
Kidney Disease

In addition to the topics discussed in this review, Klotho expression is also important in
the setting of CKD and AKI. As addressed here, Klotho overexpression has renoprotective
effects, whereas its downregulation is associated with the progression of kidney diseases.
Interestingly, individuals with kidney injury have dysregulated miRNA expression and
activity that may impair Klotho expression through epigenetic and post-transcriptional
mechanisms. In fact, it has been found that diabetic patients exhibit higher levels of
miR-200c, which is related to endothelial dysfunction and Klotho downregulation under
oxidative stress conditions [318,319]. In addition, many miRNAs that support damage by
decreasing Klotho expression have been discovered, such as miR-34a [320], miR-339 [321],
miR-556 [321], miR-199b-5p [322] and miR-199a [292]. Therefore, the expression of many
protective microRNAs is unbalanced in both acute and chronic conditions.

Accordingly, the transplantation of MSCs genetically modified with the Klotho gene
would be a strategy to restore and promote tissue repair through different mechanisms
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and signaling pathways. Again, MSCs can act as therapeutic carriers for gene delivery and
genetic engineering products, functioning as a “Trojan horse” [295]. Moreover, as MSCs
do not express Klotho [237,289,291] it would be possible to combine Klotho’s antioxidant
effects through gene therapy and the protective properties of MSCs, representing a strategy
to both treat kidney diseases and preserve the therapeutic potential of MSCs.

4.3.5. Challenges for the Clinical Application of MSCs

Despite the promising results in relation to clinical applications, MSC therapy still has
some challenges to overcome. The heterogeneity of pre-clinical and clinical studies and
features of cell sources may hamper the establishment of a standardized protocol for the
procedure [256,257,295]. The potential of autologous, allogeneic, syngeneic and xenogeneic
MSCs in DKD models, for instance, has been explored in reviews and positive results have
been found [256]. However, the cell source is of great concern as the patient’s condition
may affect the therapeutic performance of the cell, especially in patients with metabolic
dysfunction, such as diabetes. MSCs isolated from these individuals present higher rates of
senescence and apoptosis, decreased proliferation and angiogenesis potential, as wel as a
pro-inflammatory phenotype and an altered miRNA expression profile [256,323,324]. In
addition, metabolic conditions and aging can also compromise MSCs’ mRNA and miRNA
expression profiles. Studies have demonstrated, for example, that metabolic syndrome
increases the adipogenic differentiation and senescence of AT-MSCs, which is correlated
with increased gene expression linked to apoptosis, inflammation mediated by chemokine
and cytokine signaling and ubiquitin-proteasome pathways [325]. Complementarily, the
impaired therapeutic potential of MSC-EVs derived from an old animal model of CKD
has also been demonstrated [324]. The EVs had reduced antifibrogenic capacity asso-
ciated with lower levels of miR-294 and miR-133, which attenuates TGF-β1-mediated
epithelial-to-mesenchymal transition (EMT) through the suppression of Smad2/3 and
ERK1/2 phosphorylation.

Lastly, in order to continue advancing MSC-based therapy, the production of a large
amount of these cells is a key aspect. MSCs cultured for a prolonged period may be
affected by a disturbance in their cellular structure and function. Thus, chromosomal
instability and aberrations of MSCs are controversial, as some researchers have documented
their occurrence [326] and others have not noted these changes [327,328]. Importantly,
chromosomal evaluation is a turning point and, if present, this should lead to cell disposal.
The malignant transformation of MSCs has not been described in clinical trials [329,330],
even when the follow-up was carried out from 30 days to 6.8 years [249,331–334] and
MSC-based cell therapy was performed for acute and chronic diseases [246,329].

5. Conclusions

The restoration of Klotho levels is a strategy designed to ameliorate the damaging renal
microenvironment and gene expression profile present in both chronic and acute kidney
diseases. Likewise, MSCs present great potential as allies for this therapeutic approach,
due to their characteristic properties—including the release of EVs—and also because of
their possibility to act as gene carriers. There are some challenges to be overcome in regard
to the use of these cells in vivo, such as the influence of their potency on their biological
performance, as well as their large-scale production and safety issues. To date, however,
no clinical trials have reported malignant transformations of these cells. Therefore, the
synergism between Klotho and MSCs might be an interesting therapeutic strategy for
reducing the burden of CKD and AKI, in particular when associated with the current
pharmacological and non-pharmacological approaches.
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human adipose tissue-derived stromal cells isolated from diabetic patient’s distal limbs with critical ischemia. Cell Biochem. Funct.
2014, 32, 597–604. [CrossRef] [PubMed]

252. Davies, L.; Alm, J.J.; Heldring, N.; Moll, G.; Gavin, C.; Batsis, I.; Qian, H.; Sigvardsson, M.; Nilsson, B.; Kyllonen, L.E.; et al. Type 1
Diabetes Mellitus Donor Mesenchymal Stromal Cells Exhibit Comparable Potency to Healthy Controls In Vitro. Stem Cells Transl.
Med. 2016, 5, 1485–1495. [CrossRef] [PubMed]

253. Van Rhijn-Brouwer, F.C.C.; Gremmels, H.; Fledderus, J.O.; Verhaar, M.C. Mesenchymal Stromal Cell Characteristics and Regener-
ative Potential in Cardiovascular Disease. Cell Transplant. 2018, 27, 765–785. [CrossRef] [PubMed]

254. Hare, J.M.; Fishman, J.E.; Gerstenblith, G.; Velazquez, D.L.D.; Zambrano, J.P.; Suncion, V.Y.; Tracy, M.; Ghersin, E.; Johnston, P.V.;
Brinker, J.A.; et al. Comparison of Allogeneic vs Autologous Bone Marrow–Derived Mesenchymal Stem Cells Delivered by
Transendocardial Injection in Patients with Ischemic Cardiomyopathy. JAMA 2012, 308, 2369–2379. [CrossRef] [PubMed]

255. Sun, Q.; Huang, Z.; Han, F.; Zhao, M.; Cao, R.; Zhao, D.; Hong, L.; Na, N.; Li, H.; Miao, B.; et al. Allogeneic mesenchymal stem
cells as induction therapy are safe and feasible in renal allografts: Pilot results of a multicenter randomized controlled trial. J.
Transl. Med. 2018, 16, 1–10. [CrossRef] [PubMed]

256. Sávio-Silva, C.; Beyerstedt, S.; Soinski-Sousa, P.E.; Casaro, E.B.; Balby-Rocha, M.T.A.; Simplício-Filho, A.; Alves-Silva, J.;
Rangel, É.B. Mesenchymal Stem Cell Therapy for Diabetic Kidney Disease: A Review of the Studies Using Syngeneic, Autologous,
Allogeneic, and Xenogeneic Cells. Stem Cells Int. 2020, 2020, 1–28. [CrossRef]

257. Jimenez-Puerta, G.J.; Marchal, J.A.; Ruiz, E.L.; Gálvez-Martín, P. Role of Mesenchymal Stromal Cells as Therapeutic Agents:
Potential Mechanisms of Action and Implications in Their Clinical Use. J. Clin. Med. 2020, 9, 445. [CrossRef]

258. Bhat, S.; Viswanathan, P.; Chandanala, S.; Prasanna, S.J.; Seetharam, R.N. Expansion and characterization of bone marrow derived
human mesenchymal stromal cells in serum-free conditions. Sci. Rep. 2021, 11, 3403. [CrossRef]

259. Jing-Li, Z.; Wu, X.-Y.; Tong, J.-B.; Yang, X.-X.; Zhao, J.-L.; Zheng, Q.-F.; Zhao, G.-B.; Ma, Z.-J. Comparative analysis of human
mesenchymal stem cells from bone marrow and adipose tissue under xeno-free conditions for cell therapy. Stem Cell Res. Ther.
2015, 6, 55. [CrossRef]

http://doi.org/10.3390/ijms21030756
http://www.ncbi.nlm.nih.gov/pubmed/31979395
http://doi.org/10.1016/j.ymthe.2019.11.013
http://www.ncbi.nlm.nih.gov/pubmed/31818691
http://doi.org/10.1681/ASN.2008070798
http://www.ncbi.nlm.nih.gov/pubmed/19389847
http://doi.org/10.2147/IJN.S200036
http://doi.org/10.1080/20013078.2018.1442088
http://www.ncbi.nlm.nih.gov/pubmed/29535850
http://doi.org/10.1186/s12967-020-02622-3
http://www.ncbi.nlm.nih.gov/pubmed/33246476
http://doi.org/10.1080/14653240600855905
http://doi.org/10.1016/j.jcyt.2015.11.008
http://doi.org/10.1016/j.celrep.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29490284
http://doi.org/10.3389/fimmu.2013.00201
http://doi.org/10.1002/sctm.19-0202
http://www.ncbi.nlm.nih.gov/pubmed/31804767
http://doi.org/10.1016/j.stem.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22704511
http://doi.org/10.1016/j.stem.2013.09.006
http://doi.org/10.1371/journal.pone.0151938
http://doi.org/10.1089/scd.2010.0009
http://doi.org/10.1002/cbf.3056
http://www.ncbi.nlm.nih.gov/pubmed/25251698
http://doi.org/10.5966/sctm.2015-0272
http://www.ncbi.nlm.nih.gov/pubmed/27412884
http://doi.org/10.1177/0963689717738257
http://www.ncbi.nlm.nih.gov/pubmed/29895169
http://doi.org/10.1001/jama.2012.25321
http://www.ncbi.nlm.nih.gov/pubmed/23117550
http://doi.org/10.1186/s12967-018-1422-x
http://www.ncbi.nlm.nih.gov/pubmed/29514693
http://doi.org/10.1155/2020/8833725
http://doi.org/10.3390/jcm9020445
http://doi.org/10.1038/s41598-021-83088-1
http://doi.org/10.1186/s13287-015-0066-5


Pharmaceutics 2022, 14, 11 39 of 42

260. Wang, X.; Omar, O.; Vazirisani, F.; Thomsen, P.; Ekström, K. Mesenchymal stem cell-derived exosomes have altered microRNA
profiles and induce osteogenic differentiation depending on the stage of differentiation. PLoS ONE 2018, 13, e0193059. [CrossRef]
[PubMed]

261. Kehl, D.; Generali, M.; Mallone, A.; Heller, M.; Uldry, A.-C.; Cheng, P.; Gantenbein, B.; Hoerstrup, S.P.; Weber, B. Proteomic
analysis of human mesenchymal stromal cell secretomes: A systematic comparison of the angiogenic potential. Regen. Med. 2019,
4, 8. [CrossRef] [PubMed]

262. Sávio-Silva, C.; Soinski-Sousa, P.E.; Balby-Rocha, M.A.T.; Lira, Á.D.O.; Rangel, É.B. Mesenchymal stem cell therapy in acute
kidney injury (AKI): Review and perspectives. Rev. Da Assoc. Méd. Bras. 2020, 66, s45–s54. [CrossRef] [PubMed]

263. Sávio-Silva, C.; Soinski-Sousa, P.; Simplício-Filho, A.; Bastos, R.; Beyerstedt, S.; Rangel, É.B. Therapeutic Potential of Mesenchymal
Stem Cells in a Pre-Clinical Model of Diabetic Kidney Disease and Obesity. Int. J. Mol. Sci. 2021, 22, 1546. [CrossRef] [PubMed]

264. Bian, X.; Zhang, B.; Guo, W.; Liu, N.; Bai, Y.; Miao, J.; Zhao, G.; Liu, B.; Wang, S.; Ma, L.; et al. Effects of Mesenchymal Stem Cells
Transplanted at Different Time Points in a Rat Remnant Kidney Model. Am. J. Nephrol. 2014, 39, 75–84. [CrossRef] [PubMed]

265. Almeida, A.; Lira, R.; Oliveira, M.; Martins, M.; Azevedo, Y.; Silva, K.; Carvalho, S.; Cortez, E.; Stumbo, A.C.; Carvalho, L.; et al.
Bone Marrow-Derived Mesenchymal Stem Cells Transplantation Ameliorates Renal Injury through Anti-Fibrotic and Anti-
Inflammatory Effects in Chronic Experimental Renovascular Disease. Biomed. J. 2021. [CrossRef] [PubMed]

266. Ni, W.; Fang, Y.; Xie, L.; Liu, X.; Shan, W.; Zeng, R.; Liu, J.; Liu, X. Adipose-Derived Mesenchymal Stem Cells Transplantation
Alleviates Renal Injury in Streptozotocin-Induced Diabetic Nephropathy. J. Histochem. Cytochem. 2015, 63, 842–853. [CrossRef]
[PubMed]

267. Hu, C.; Li, L. Preconditioning influences mesenchymal stem cell properties in vitro and in vivo. J. Cell. Mol. Med. 2018, 22,
1428–1442. [CrossRef]

268. Feng, Y.; Zhu, M.; Dangelmajer, S.; Lee, Y.M.; Wijesekera, O.; Castellanos, C.X.; Denduluri, A.; Chaichana, K.L.; Li, Q.;
Zhang, H.; et al. Hypoxia-cultured human adipose-derived mesenchymal stem cells are non-oncogenic and have enhanced
viability, motility, and tropism to brain cancer. Cell Death Dis. 2014, 5, e1567. [CrossRef] [PubMed]

269. Lee, J.H.; Yoon, Y.M.; Lee, S.H. Hypoxic Preconditioning Promotes the Bioactivities of Mesenchymal Stem Cells via the HIF-1α-
GRP78-Akt Axis. Int. J. Mol. Sci. 2017, 18, 1320. [CrossRef] [PubMed]

270. Szabó, E.; Fajka-Boja, R.; Kriston-Pál, É.; Hornung, Á.; Makra, I.; Kudlik, G.; Uher, F.; Katona, R.L.; Monostori, É.; Czibula, Á.
Licensing by Inflammatory Cytokines Abolishes Heterogeneity of Immunosuppressive Function of Mesenchymal Stem Cell
Population. Stem Cells Dev. 2015, 24, 2171–2180. [CrossRef]

271. Oses, C.; Olivares, B.; Ezquer, M.; Acosta, C.; Bosch, P.; Donoso, M.; Léniz, P.; Ezquer, F. Preconditioning of adipose tissue-derived
mesenchymal stem cells with deferoxamine increases the production of pro-angiogenic, neuroprotective and anti-inflammatory
factors: Potential application in the treatment of diabetic neuropathy. PLoS ONE 2017, 12, e0178011. [CrossRef]

272. Azar, Y.M.; Green, R.; Niesler, C.U.; van de Vyver, M. Antioxidant Preconditioning Improves the Paracrine Responsiveness of
Mouse Bone Marrow Mesenchymal Stem Cells to Diabetic Wound Fluid. Stem Cells Dev. 2018, 27, 1646–1657. [CrossRef]

273. Capilla-González, V.; López-Beas, J.; Escacena, N.; Aguilera, Y.; de la Cuesta, A.; Ruiz-Salmerón, R.; Martin, F.; Hmadcha, A.;
Soria, B. PDGF Restores the Defective Phenotype of Adipose-Derived Mesenchymal Stromal Cells from Diabetic Patients. Mol.
Ther. 2018, 26, 2696–2709. [CrossRef] [PubMed]

274. Nagaishi, K.; Mizue, Y.; Chikenji, T.; Otani, M.; Nakano, M.; Saijo, Y.; Tsuchida, H.; Ishioka, S.; Nishikawa, A.; Saito, T.; et al.
Umbilical cord extracts improve diabetic abnormalities in bone marrow-derived mesenchymal stem cells and increase their
therapeutic effects on diabetic nephropathy. Sci. Rep. 2017, 7, 8484. [CrossRef] [PubMed]

275. Tang, C.; Russell, P.J.; Martiniello-Wilks, R.; Rasko, J.E.J.; Khatri, A. Concise review: Nanoparticles and cellular carriers-allies in
cancer imaging and cellular gene therapy? Stem Cells 2010, 28, 1686–1702. [CrossRef] [PubMed]

276. Feng, J.; Lu, C.; Dai, Q.; Sheng, J.; Xu, M. SIRT3 Facilitates Amniotic Fluid Stem Cells to Repair Diabetic Nephropathy Through
Protecting Mitochondrial Homeostasis by Modulation of Mitophagy. Cell. Physiol. Biochem. 2018, 46, 1508–1524. [CrossRef]

277. Kaundal, U.; Bagai, U.; Rakha, A. Immunomodulatory plasticity of mesenchymal stem cells: A potential key to successful solid
organ transplantation. J. Transl. Med. 2018, 16, 31. [CrossRef] [PubMed]

278. Namgung, R.; Singha, K.; Yu, M.K.; Jon, S.; Kim, Y.S.; Ahn, Y.; Park, I.-K.; Kim, W.J. Hybrid superparamagnetic iron oxide
nanoparticle-branched polyethylenimine magnetoplexes for gene transfection of vascular endothelial cells. Biomaterials 2010, 31,
4204–4213. [CrossRef] [PubMed]

279. Tögel, F.; Isaac, J.; Hu, Z.; Weiss, K.; Westenfelder, C. Renal SDF-1 signals mobilization and homing of CXCR4-positive cells to the
kidney after ischemic injury. Kidney Int. 2005, 67, 1772–1784. [CrossRef] [PubMed]

280. Liu, N.; Tian, J.; Cheng, J.; Zhang, J. Migration of CXCR4 gene-modified bone marrow-derived mesenchymal stem cells to the
acute injured kidney. J. Cell. Biochem. 2013, 114, 2677–2689. [CrossRef] [PubMed]

281. Kang, K.; Ma, R.; Cai, W.; Huang, W.; Paul, C.; Liang, J.; Wang, Y.; Zhao, T.; Kim, H.W.; Xu, M.; et al. Exosomes Secreted from
CXCR4 Overexpressing Mesenchymal Stem Cells Promote Cardioprotection via Akt Signaling Pathway following Myocardial
Infarction. Stem Cells Int. 2015, 2015, 659890. [CrossRef]

282. Russell, A.L.; Lefavor, R.C.; Zubair, A.C. Characterization and cost-benefit analysis of automated bioreactor-expanded mesenchy-
mal stem cells for clinical applications. Transfussion 2018, 58, 2374–2382. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0193059
http://www.ncbi.nlm.nih.gov/pubmed/29447276
http://doi.org/10.1038/s41536-019-0070-y
http://www.ncbi.nlm.nih.gov/pubmed/31016031
http://doi.org/10.1590/1806-9282.66.s1.45
http://www.ncbi.nlm.nih.gov/pubmed/31939535
http://doi.org/10.3390/ijms22041546
http://www.ncbi.nlm.nih.gov/pubmed/33557007
http://doi.org/10.1159/000357870
http://www.ncbi.nlm.nih.gov/pubmed/24457259
http://doi.org/10.1016/j.bj.2021.07.009
http://www.ncbi.nlm.nih.gov/pubmed/34333108
http://doi.org/10.1369/0022155415599039
http://www.ncbi.nlm.nih.gov/pubmed/26215800
http://doi.org/10.1111/jcmm.13492
http://doi.org/10.1038/cddis.2014.521
http://www.ncbi.nlm.nih.gov/pubmed/25501828
http://doi.org/10.3390/ijms18061320
http://www.ncbi.nlm.nih.gov/pubmed/28635661
http://doi.org/10.1089/scd.2014.0581
http://doi.org/10.1371/journal.pone.0178011
http://doi.org/10.1089/scd.2018.0145
http://doi.org/10.1016/j.ymthe.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30195725
http://doi.org/10.1038/s41598-017-08921-y
http://www.ncbi.nlm.nih.gov/pubmed/28814814
http://doi.org/10.1002/stem.473
http://www.ncbi.nlm.nih.gov/pubmed/20629172
http://doi.org/10.1159/000489194
http://doi.org/10.1186/s12967-018-1403-0
http://www.ncbi.nlm.nih.gov/pubmed/29448956
http://doi.org/10.1016/j.biomaterials.2010.01.123
http://www.ncbi.nlm.nih.gov/pubmed/20170956
http://doi.org/10.1111/j.1523-1755.2005.00275.x
http://www.ncbi.nlm.nih.gov/pubmed/15840024
http://doi.org/10.1002/jcb.24615
http://www.ncbi.nlm.nih.gov/pubmed/23794207
http://doi.org/10.1155/2015/659890
http://doi.org/10.1111/trf.14805
http://www.ncbi.nlm.nih.gov/pubmed/30203447


Pharmaceutics 2022, 14, 11 40 of 42

283. Haack-Sørensen, M.; Juhl, M.; Follin, B.; Søndergaard, R.H.; Kirchhoff, M.; Kastrup, J.; Ekblond, A. Development of large-scale
manufacturing of adipose-derived stromal cells for clinical applications using bioreactors and human platelet lysate. Scand. J.
Clin. Lab. Investig. 2018, 78, 293–300. [CrossRef] [PubMed]

284. Phan, J.; Kumar, P.; Hao, D.; Gao, K.; Farmer, D.; Wang, A. Engineering mesenchymal stem cells to improve their exosome efficacy
and yield for cell-free therapy. J. Extracell. Vesicles 2018, 7, 1522236. [CrossRef] [PubMed]

285. Amable, P.R.; Teixeira, M.V.T.; Carias, R.B.V.; Granjeiro, J.M.; Borojevic, R. Protein synthesis and secretion in human mesenchymal
cells derived from bone marrow, adipose tissue and Wharton’s jelly. Stem Cell Res. Ther. 2014, 5, 53. [CrossRef] [PubMed]

286. Driscoll, J.; Patel, T. The mesenchymal stem cell secretome as an acellular regenerative therapy for liver disease. J. Gastroenterol.
2019, 54, 763–773. [CrossRef] [PubMed]

287. Ni, W.; Zhang, Y.; Yin, Z. The protective mechanism of Klotho gene-modified bone marrow mesenchymal stem cells on acute
kidney injury induced by rhabdomyolysis. Regen. Ther. 2021, 18, 255–267. [CrossRef] [PubMed]

288. Zhang, W.; Xue, D.; Hu, D.; Xie, T.; Tao, Y.; Zhu, T.; Chen, E.; Pan, Z. Secreted klotho protein attenuates osteogenic differentiation
of human bone marrow mesenchymal stem cellsin vitrovia inactivation of the FGFR1/ERK signaling pathway. Growth Factors
2015, 33, 356–365. [CrossRef] [PubMed]

289. Zhang, F.; Wan, X.; Cao, Y.-Z.; Sun, D.; Cao, C.-C. Klotho gene-modified BMSCs showed elevated antifibrotic effects by inhibiting
the Wnt/β-catenin pathway in kidneys after acute injury. Cell Biol. Int. 2018, 42, 1670–1679. [CrossRef] [PubMed]

290. Ullah, M.; Sun, Z. Klotho Deficiency Accelerates Stem Cells Aging by Impairing Telomerase Activity. J. Gerontol. Ser. A Boil. Sci.
Med. Sci. 2018, 74, 1396–1407. [CrossRef] [PubMed]

291. Xie, L.-B.; Chen, X.; Chen, B.; Wang, X.-D.; Jiang, R.; Lu, Y.-P. Protective effect of bone marrow mesenchymal stem cells modified
with klotho on renal ischemia-reperfusion injury. Ren. Fail. 2019, 41, 175–182. [CrossRef]

292. Ye, H.; Su, B.; Ni, H.; Li, L.; Chen, X.; You, X.; Zhang, H. microRNA-199a may be involved in the pathogenesis of lupus nephritis
via modulating the activation of NF-κB by targeting Klotho. Mol. Immunol. 2018, 103, 235–242. [CrossRef] [PubMed]

293. Yun, C.W.; Lee, S.H. Potential and Therapeutic Efficacy of Cell-based Therapy Using Mesenchymal Stem Cells for Acute/chronic
Kidney Disease. Int. J. Mol. Sci. 2019, 20, 1619. [CrossRef] [PubMed]

294. García-Bernal, D.; García-Arranz, M.; Yáñez, R.M.; Hervás-Salcedo, R.; Cortés, A.; Fernández-García, M.; Hernando-Rodríguez, M.;
Quintana-Bustamante, Ó.; Bueren, J.A.; García-Olmo, D.; et al. The Current Status of Mesenchymal Stromal Cells: Controversies,
Unresolved Issues and Some Promising Solutions to Improve Their Therapeutic Efficacy. Front. Cell Dev. Biol. 2021, 9, 609.
[CrossRef] [PubMed]

295. Zhuang, W.-Z.; Lin, Y.-H.; Su, L.-J.; Wu, M.-S.; Jeng, H.-Y.; Chang, H.-C.; Huang, Y.-H.; Ling, T.-Y. Mesenchymal stem/stromal
cell-based therapy: Mechanism, systemic safety and biodistribution for precision clinical applications. J. Biomed. Sci. 2021, 28, 28.
[CrossRef] [PubMed]

296. Cao, J.-Y.; Wang, B.; Tang, T.-T.; Wen, Y.; Li, Z.-L.; Feng, S.-T.; Wu, M.; Liu, D.; Yin, D.; Ma, K.-L.; et al. Exosomal miR-125b-5p
deriving from mesenchymal stem cells promotes tubular repair by suppression of p53 in ischemic acute kidney injury. Theranostics
2021, 11, 5248–5266. [CrossRef] [PubMed]

297. Chen, X.-J.; Jiang, K.; Ferguson, C.M.; Tang, H.; Zhu, X.; Lerman, A.; Lerman, L.O. Augmented efficacy of exogenous extracellular
vesicles targeted to injured kidneys. Signal. Transduct. Target. Ther. 2020, 5, 199. [CrossRef] [PubMed]

298. Li, J.-K.; Yang, C.; Su, Y.; Luo, J.-C.; Luo, M.-H.; Huang, D.-L.; Tu, G.-W.; Luo, Z. Mesenchymal Stem Cell-Derived Extracellular
Vesicles: A Potential Therapeutic Strategy for Acute Kidney Injury. Front. Immunol. 2021, 12, 2124. [CrossRef] [PubMed]

299. Collino, F.; Bruno, S.; Incarnato, D.; Dettori, D.; Neri, F.; Provero, P.; Pomatto, M.; Oliviero, S.; Tetta, C.; Quesenberry, P.J.; et al.
AKI Recovery Induced by Mesenchymal Stromal Cell-Derived Extracellular Vesicles Carrying MicroRNAs. J. Am. Soc. Nephrol.
2015, 26, 2349–2360. [CrossRef] [PubMed]

300. Lin, W.; Li, H.-Y.; Yang, Q.; Chen, G.; Lin, S.; Liao, C.; Zhou, T. Administration of mesenchymal stem cells in diabetic kidney
disease: A systematic review and meta-analysis. Stem Cell Res. Ther. 2021, 12, 1–21. [CrossRef] [PubMed]

301. Nowak, N.; Yamanouchi, M.; Satake, E. The Nephroprotective Properties of Extracellular Vesicles in Experimental Models of
Chronic Kidney Disease: A Systematic Review. Stem Cell Rev. Rep. 2021, 1–31. [CrossRef]

302. Khatri, R.; Mazurek, S.; Petry, S.F.; Linn, T. Mesenchymal stem cells promote pancreatic β-cell regeneration through downregula-
tion of FoxO1 pathway. Stem Cell Res. Ther. 2020, 11, 497. [CrossRef]

303. Sun, Y.; Shi, H.; Yin, S.; Ji, C.; Zhang, X.; Zhang, B.; Wu, P.; Shi, Y.; Mao, F.; Yan, Y.; et al. Human Mesenchymal Stem Cell Derived
Exosomes Alleviate Type 2 Diabetes Mellitus by Reversing Peripheral Insulin Resistance and Relieving β-Cell Destruction. ACS
Nano 2018, 12, 7613–7628. [CrossRef] [PubMed]

304. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

305. Ragni, E.; Banfi, F.; Barilani, M.; Cherubini, A.; Parazzi, V.; Larghi, P.; Dolo, V.; Bollati, V.; Lazzari, L. Extracellular Vesicle-Shuttled
mRNA in Mesenchymal Stem Cell Communication. Stem Cells 2017, 35, 1093–1105. [CrossRef] [PubMed]

306. Wang, W.; Guo, Z.-H. Downregulation of lncRNA NEAT1 Ameliorates LPS-Induced Inflammatory Responses by Promoting
Macrophage M2 Polarization via miR-125a-5p/TRAF6/TAK1 Axis. Inflammation 2020, 43, 1548–1560. [CrossRef]

307. Yang, C.; Yang, C.; Huang, Z.; Zhang, J.; Chen, N.; Guo, Y.; Zahoor, A.; Deng, G. Reduced expression of MiR-125a-5p aggravates
LPS-induced experimental acute kidney injury pathology by targeting TRAF6. Life Sci. 2021, 288, 119657. [CrossRef] [PubMed]

http://doi.org/10.1080/00365513.2018.1462082
http://www.ncbi.nlm.nih.gov/pubmed/29661028
http://doi.org/10.1080/20013078.2018.1522236
http://www.ncbi.nlm.nih.gov/pubmed/30275938
http://doi.org/10.1186/scrt442
http://www.ncbi.nlm.nih.gov/pubmed/24739658
http://doi.org/10.1007/s00535-019-01599-1
http://www.ncbi.nlm.nih.gov/pubmed/31270691
http://doi.org/10.1016/j.reth.2021.07.003
http://www.ncbi.nlm.nih.gov/pubmed/34466631
http://doi.org/10.3109/08977194.2015.1108313
http://www.ncbi.nlm.nih.gov/pubmed/26607681
http://doi.org/10.1002/cbin.11068
http://www.ncbi.nlm.nih.gov/pubmed/30358003
http://doi.org/10.1093/gerona/gly261
http://www.ncbi.nlm.nih.gov/pubmed/30452555
http://doi.org/10.1080/0886022X.2019.1588131
http://doi.org/10.1016/j.molimm.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30316188
http://doi.org/10.3390/ijms20071619
http://www.ncbi.nlm.nih.gov/pubmed/30939749
http://doi.org/10.3389/fcell.2021.650664
http://www.ncbi.nlm.nih.gov/pubmed/33796536
http://doi.org/10.1186/s12929-021-00725-7
http://www.ncbi.nlm.nih.gov/pubmed/33849537
http://doi.org/10.7150/thno.54550
http://www.ncbi.nlm.nih.gov/pubmed/33859745
http://doi.org/10.1038/s41392-020-00304-6
http://www.ncbi.nlm.nih.gov/pubmed/32929058
http://doi.org/10.3389/fimmu.2021.684496
http://www.ncbi.nlm.nih.gov/pubmed/34149726
http://doi.org/10.1681/ASN.2014070710
http://www.ncbi.nlm.nih.gov/pubmed/25901032
http://doi.org/10.1186/s13287-020-02108-5
http://www.ncbi.nlm.nih.gov/pubmed/33413678
http://doi.org/10.1007/s12015-021-10189-9
http://doi.org/10.1186/s13287-020-02007-9
http://doi.org/10.1021/acsnano.7b07643
http://www.ncbi.nlm.nih.gov/pubmed/30052036
http://doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://doi.org/10.1002/stem.2557
http://www.ncbi.nlm.nih.gov/pubmed/28164431
http://doi.org/10.1007/s10753-020-01231-y
http://doi.org/10.1016/j.lfs.2021.119657
http://www.ncbi.nlm.nih.gov/pubmed/34048808


Pharmaceutics 2022, 14, 11 41 of 42

308. Li, X.; Pan, X.; Fu, X.; Yang, Y.; Chen, J.; Lin, W. MicroRNA-26a: An Emerging Regulator of Renal Biology and Disease. Kidney
Blood Press. Res. 2019, 44, 287–297. [CrossRef] [PubMed]

309. Koga, K.; Yokoi, H.; Mori, K.; Kasahara, M.; Kuwabara, T.; Imamaki, H.; Ishii, A.; Mori, K.P.; Kato, Y.; Ohno, S.; et al. MicroRNA-
26a inhibits TGF-β-induced extracellular matrix protein expression in podocytes by targeting CTGF and is downregulated in
diabetic nephropathy. Diabetology 2015, 58, 2169–2180. [CrossRef]

310. Zhang, A.; Wang, H.; Wang, B.; Yuan, Y.; Klein, J.D.; Wang, X.H. Exogenous miR-26a suppresses muscle wasting and renal fibrosis
in obstructive kidney disease. FASEB J. 2019, 33, 13590–13601. [CrossRef] [PubMed]

311. Dey, N.; Bera, A.; Das, F.; Ghosh-Choudhury, N.; Kasinath, B.S.; Choudhury, G.G. High glucose enhances microRNA-26a to
activate mTORC1 for mesangial cell hypertrophy and matrix protein expression. Cell. Signal. 2015, 27, 1276–1285. [CrossRef]

312. Qin, Y.; Wang, G.; Peng, Z. MicroRNA-191-5p diminished sepsis-induced acute kidney injury through targeting oxidative stress
responsive 1 in rat models. Biosci. Rep. 2019, 39, 20190548. [CrossRef]

313. Berillo, O.; Huo, K.-G.; Fraulob-Aquino, J.C.; Richer, C.; Briet, M.; Boutouyrie, P.; Lipman, M.L.; Sinnett, D.; Paradis, P.;
Schiffrin, E.L. Circulating let-7g-5p and miR-191-5p Are Independent Predictors of Chronic Kidney Disease in Hypertensive
Patients. Am. J. Hypertens. 2020, 33, 505–513. [CrossRef]

314. An, X.; Liao, G.; Chen, Y.; Luo, A.; Liu, J.; Yuan, Y.; Li, L.; Yang, L.; Wang, H.; Liu, F.; et al. Intervention for early diabetic
nephropathy by mesenchymal stem cells in a preclinical nonhuman primate model. Stem Cell Res. Ther. 2019, 10, 363. [CrossRef]

315. Kluger, A.Y.; Tecson, K.M.; Lee, A.Y.; Lerma, E.; Rangaswami, J.; Lepor, N.E.; Cobble, M.E.; McCullough, P.A. Class effects of
SGLT2 inhibitors on cardiorenal outcomes. Cardiovasc. Diabetol. 2019, 18, 1–13. [CrossRef] [PubMed]

316. Heerspink, H.J.L.; Stefánsson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, F.-F.; Mann, J.F.E.; McMurray, J.J.V.;
Lindberg, M.; Rossing, P.; et al. Dapagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2020, 383, 1436–1446.
[CrossRef] [PubMed]

317. Neuen, B.L.; Young, T.; Heerspink, H.J.L.; Neal, B.; Perkovic, V.; Billot, L.; Mahaffey, K.W.; Charytan, D.M.; Wheeler, D.C.;
Arnott, C.; et al. SGLT2 inhibitors for the prevention of kidney failure in patients with type 2 diabetes: A systematic review and
meta-analysis. Lancet Diabetes Endocrinol. 2019, 7, 845–854. [CrossRef]

318. Zhang, H.; Liu, J.; Qu, D.; Wang, L.; Luo, J.-Y.; Lau, C.W.; Liu, P.; Gao, Z.; Tipoe, G.L.; Lee, H.K.; et al. Inhibition of miR-200c
Restores Endothelial Function in Diabetic Mice Through Suppression of COX-2. Diabetes 2016, 65, 1196–1207. [CrossRef] [PubMed]

319. Morii, K.; Yamasaki, S.; Doi, S.; Irifuku, T.; Sasaki, K.; Doi, T.; Nakashima, A.; Arihiro, K.; Masaki, T. microRNA-200c regulates
KLOTHO expression in human kidney cells under oxidative stress. PLoS ONE 2019, 14, e0218468. [CrossRef] [PubMed]

320. Liu, Y.; Bi, X.; Xiong, J.; Han, W.; Xiao, T.; Xu, X.; Yang, K.; Liu, C.; Jiang, W.; He, T.; et al. MicroRNA-34a Promotes Renal Fibrosis
by Downregulation of Klotho in Tubular Epithelial Cells. Mol. Ther. 2019, 27, 1051–1065. [CrossRef] [PubMed]

321. Mehi, S.J.; Maltare, A.; Abraham, C.R.; King, G.D. MicroRNA-339 and microRNA-556 regulate Klotho expression in vitro. AGE
2014, 36, 141–149. [CrossRef] [PubMed]

322. Kang, W.-L.; Xu, G.-S. Atrasentan increased the expression of klotho by mediating miR-199b-5p and prevented renal tubular
injury in diabetic nephropathy. Sci. Rep. 2016, 6, 19979. [CrossRef]

323. Ortega, F.J.; Moreno-Navarrete, J.M.; Pardo, G.; Sabater-Masdeu, M.; Hummel, M.; Ferrer, A.; Rodriguez-Hermosa, J.I.; Ruiz, B.;
Ricart, W.; Peral, B.; et al. MiRNA Expression Profile of Human Subcutaneous Adipose and during Adipocyte Differentiation.
PLoS ONE 2010, 5, e9022. [CrossRef]

324. Wang, Y.; Guo, Y.F.; Fu, G.P.; Guan, C.; Zhang, X.; Yang, D.G.; Shi, Y.C. Protective effect of miRNA-containing extracellular vesicles
derived from mesenchymal stromal cells of old rats on renal function in chronic kidney disease. Stem Cell Res. Ther. 2020, 11, 274.
[CrossRef]

325. Meng, Y.; Eirin, A.; Zhu, X.-Y.; O’Brien, D.R.; Lerman, A.; Van Wijnen, A.J.; Lerman, L.O. The metabolic syndrome modifies the
mRNA expression profile of extracellular vesicles derived from porcine mesenchymal stem cells. Diabetol. Metab. Syndr. 2018,
10, 58. [CrossRef] [PubMed]

326. Froelich, K.; Mickler, J.; Steusloff, G.; Technau, A.; Tirado, M.R.; Scherzed, A.; Hackenberg, S.; Radeloff, A.; Hagen, R.;
Kleinsasser, N. Chromosomal aberrations and deoxyribonucleic acid single-strand breaks in adipose-derived stem cells during
long-term expansion in vitro. Cytotherapy 2013, 15, 767–781. [CrossRef] [PubMed]

327. Neri, S.; Bourin, P.; Peyrafitte, J.-A.; Cattini, L.; Facchini, A.; Mariani, E. Human Adipose Stromal Cells (ASC) for the Regeneration
of Injured Cartilage Display Genetic Stability after In Vitro Culture Expansion. PLoS ONE 2013, 8, e77895. [CrossRef]

328. Li, J.; Huang, H.; Xu, X. Biological characteristics and karyotiping of a new isolation method for human adipose mesenchymal
stem cells in vitro. Tissue Cell 2017, 49, 376–382. [CrossRef] [PubMed]

329. Trounson, A.; McDonald, C. Stem Cell Therapies in Clinical Trials: Progress and Challenges. Cell Stem Cell 2015, 17, 11–22.
[CrossRef] [PubMed]

330. Abdi, R.; Fiorina, P.; Adra, C.N.; Atkinson, M.; Sayegh, M.H. Immunomodulation by Mesenchymal Stem Cells: A Potential
Therapeutic Strategy for Type 1 Diabetes. Diabetes 2008, 57, 1759–1767. [CrossRef] [PubMed]

331. Casiraghi, F.; Remuzzi, G.; Abbate, M.; Perico, N. Multipotent Mesenchymal Stromal Cell Therapy and Risk of Malignancies.
Stem Cell Rev. Rep. 2013, 9, 65–79. [CrossRef] [PubMed]

332. Skyler, J.S.; Fonseca, V.A.; Segal, K.R.; Rosenstock, J. Allogeneic Mesenchymal Precursor Cells in Type 2 Diabetes: A Randomized,
Placebo-Controlled, Dose-Escalation Safety and Tolerability Pilot Study. Diabetes Care 2015, 38, 1742–1749. [CrossRef] [PubMed]

http://doi.org/10.1159/000499646
http://www.ncbi.nlm.nih.gov/pubmed/31163420
http://doi.org/10.1007/s00125-015-3642-4
http://doi.org/10.1096/fj.201900884R
http://www.ncbi.nlm.nih.gov/pubmed/31593640
http://doi.org/10.1016/j.cellsig.2015.03.007
http://doi.org/10.1042/BSR20190548
http://doi.org/10.1093/ajh/hpaa031
http://doi.org/10.1186/s13287-019-1401-z
http://doi.org/10.1186/s12933-019-0903-4
http://www.ncbi.nlm.nih.gov/pubmed/31382965
http://doi.org/10.1056/NEJMoa2024816
http://www.ncbi.nlm.nih.gov/pubmed/32970396
http://doi.org/10.1016/S2213-8587(19)30256-6
http://doi.org/10.2337/db15-1067
http://www.ncbi.nlm.nih.gov/pubmed/26822089
http://doi.org/10.1371/journal.pone.0218468
http://www.ncbi.nlm.nih.gov/pubmed/31199854
http://doi.org/10.1016/j.ymthe.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30853453
http://doi.org/10.1007/s11357-013-9555-6
http://www.ncbi.nlm.nih.gov/pubmed/23818104
http://doi.org/10.1038/srep19979
http://doi.org/10.1371/journal.pone.0009022
http://doi.org/10.1186/s13287-020-01792-7
http://doi.org/10.1186/s13098-018-0359-9
http://www.ncbi.nlm.nih.gov/pubmed/30038668
http://doi.org/10.1016/j.jcyt.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23643417
http://doi.org/10.1371/journal.pone.0077895
http://doi.org/10.1016/j.tice.2017.04.005
http://www.ncbi.nlm.nih.gov/pubmed/28499755
http://doi.org/10.1016/j.stem.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26140604
http://doi.org/10.2337/db08-0180
http://www.ncbi.nlm.nih.gov/pubmed/18586907
http://doi.org/10.1007/s12015-011-9345-4
http://www.ncbi.nlm.nih.gov/pubmed/22237468
http://doi.org/10.2337/dc14-2830
http://www.ncbi.nlm.nih.gov/pubmed/26153271


Pharmaceutics 2022, 14, 11 42 of 42

333. Packham, D.K.; Fraser, I.R.; Kerr, P.G.; Segal, K.R. Allogeneic Mesenchymal Precursor Cells (MPC) in Diabetic Nephropathy: A
Randomized, Placebo-controlled, Dose Escalation Study. EBioMedicine 2016, 12, 263–269. [CrossRef]

334. Fisher, S.A.; Doree, C.; Mathur, A.; Martin-Rendon, E. Meta-Analysis of Cell Therapy Trials for Patients with Heart Failure. Circ.
Res. 2015, 116, 1361–1377. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ebiom.2016.09.011
http://doi.org/10.1161/CIRCRESAHA.116.304386
http://www.ncbi.nlm.nih.gov/pubmed/25632038

	Introduction 
	Klotho and Chronic Kidney Disease 
	Chronic Kidney Disease 
	Klotho in Chronic Kidney Disease 
	Klotho and FGF-23 
	Klotho/FGF/PTH Axis 
	CKD and Cardiovascular Disease 
	Klotho and Inflammation 
	Klotho and Fibrosis 


	Acute Kidney Injury 
	Klotho in Acute Kidney Injury 
	Klotho, Inflammation and AKI 
	Klotho and Non-Inflammatory Mechanisms in AKI 


	Therapeutic Potential of Klotho in Acute and Chronic Kidney Diseases 
	Mesenchymal Stem Cells 
	Properties and Characterization of Mesenchymal Stem Cells 
	Efficacy and Safety of Mesenchymal Stem Cells 

	Crosstalk between Klotho and Mesenchymal Stem Cells 
	Perspectives on MSC and Gene Therapy for Chronic and Acute Kidney Disease 
	MSC-Derived Extracellular Vesicles 
	MicroRNAs 
	MSCs Combined with Sodium-Glucose Co-Transporter-2 Inhibitors 
	Klotho, microRNAs and Genetically Modified MSCs in Chronic and Acute Kidney Disease 
	Challenges for the Clinical Application of MSCs 


	Conclusions 
	References

